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SECTION I

INTRODUCTION

1.1 BACKGROUND AND STUDY GOALS

This report presents the technical results of the "Study of the
Applicability of Frame Imaging from a Spinning Spacecraft", perférmed
by CBS Laboratories, Stamford? Connecticut, for the Nafional Aeronéutics
and Space Administration, Ames Research Center, under Contract NASZ—?lO?.
The study was performed over a 10-month pefiod from July 1972 through May 1973.
This is Volume 2 of the final report of the study. Volume 1 is a brief

summary of the results.

The basic purpose of this work was to study thelapplicability
of frame—typé imaging systems for use on board a spin-stabilized spacecraft
for outer planets applicationé, as distinguished fromlspin-scan imagihg
systems and three~axis stabilized vehicles. The méjor goals of the study
were to objectively select the most feasible imaging system(s) for this
class of missions and to prepare preliminary design information which
defines the system(s) for a specified Jupiter orbiter mission. Sufficient
generality was included to permit the applicafion of these techniques to
a variety of'missions. In addition, the interaction of system performance

specifications on cost and development schedule was to be investigated.



The scope of this study encompassed frame imagers only, on an
orbiting mission of Jupiter including encounters with the Galilean satellites.
All types of frame imagers capable of performing this mission were considered,
regardless of the current state of the art. Detailed sensor models of these
systems were developed at the component level and used in the subsequent
analyses. An overall assessment was then made of the various systems based
upon results of a worst-case performance analysis, foreseeable technology
problems, and the relative reliability and radiation tolerance of the systems.
Special attention was directed at restraints imposed by image motion and the
limited data transmission and storage capabllity of the spacecraft. Based
upon this overall assessment, the most promising systems were sglected and
then examined in detail for a specified Jupiter orbiter mission: The relative
merits of each selected system were then analyzed, and the system design
characteristics were presented using preliminary coﬁfigurations, block diagrams,
and tables of estimated weights, volumes and power consumption. Performance
tradeoffs were then discussed.  Finally, cost and development schedules were

presented for the selected frame imaging systems.

1.2 ORGANIZATION OF THE VOLUME

As depicted in Figure 1-1, the study was divided into nine separate
study tasks, progressing from the initial selection of candidate frame imaging
Systems to the final task of preparing cost and development schedules. This
volume is organized in a similar manner. The technical details of each task

are contained within the separate report sections.



TASKS

PROGRAM PLAN

SELECTION OF CANDIDATE SYSTEMS

PREPARATION OF CAMERA MODELS

PREPARATION OF COMPUTER PROGRAMS

RADIATION & RELIABILITY FACTORS
IMAGE MOTION ANALYSIS

ANALYSIS, COMPARISON OF MODELS
AND SELECTION

ANALYSIS FOR JUPITER ORBITER
MISSION

PRELIMINARY DESIGN AND TECH-
NOLOGY ASSESSMENT

COST AND DEVELOPMENT SCHEDULES
MONTHLY REPORTS

FINAL REFPORT

SUMMARY REPORT

BRIEFINGS

MONTHS
1t2l3talstel 7] 8l 9l 10] 12} 12
AA;p,AuAAL
O
A | A

Figure 1-1




Section 2 reviews the selection of the candidate frame imaging
systems. A brief description of the opéfation of each sensor is given. The
general performance requirements and constraints used as selection criteria
are also discussed, and the reasons why each camera system was rejected or

selected as a candidate are given.

Section 3 describes the development of the analytical camera models.
The basic relationships used in developing the camera models are introduced
and methods of plotting camera performance are descfibed. A detailed derivation
.of the theoretical signal-to-noise ratio models is given in Appendix A. 1In
Section 4, computer programs for the analytical cémera models are introduced.

Detailed program descriptions and listings are given in Appendix B.

Section 5 presents a relative assessment of the reliability factors
and the tolerance of the candidate systems to the postulated radiation

environment,

Section 6 investigates the effects of various spacecraft and
planetary motions which influence camera performance. The extent to which the
performance of. the sensors can be improved through the use of image motion

compensation is established.



Section 7 presents the results of a worst-caselparametric analysis
using the candidate systems. In qrder to propgrly evaluate thelcaﬁdidates,
more specific requirements and selection c¢riteria are established. Then
each candidate sensor system is examined in detail and given an overall assess-—
meht. Finally, three camera systems — the SEC vidicon, electrostatic
storage camera and the intensified charge-coupled device — are se}ected for

additional analysis for a specific Jupiter orbiter mission.

Section 8 #nalyzes the capability of the three best systems for
the specified Jupiter orbiter mission with satellite encounters. The effects
of various system and mission parameters on performance are presented. The
suitability of the best camera systems for other outer planet missions'is

discussed and their performance at Saturn and Uranus is determined.

Section 9 gives the preliminary design configurations for the
three selected camera systems. Preliminary information, including physical
configurations, system block diagrams, weight, volume, and power consumption,
is presented. Alternative system configurations and anticipated performance
versus cost are compared. Finally, the technology problems associated with

each system are assessed.

Section 10 gives the approximate costs and development'séhedules

associated with each of the three selected systems.



1.3 CONCLUSIONS OF THE STUDY
The major conclusions of the study are summarized below:

] The use of frame imaging systems from a spinning
spacecraft typified by Pioneer F and G is feasible.
tHowever, an image motion compensation system is
required to limit image smear during exposure and
thereby maintain the resolution capability of the

camera.

] Only a short exposure time (generally less than
one millisecond) can be used because of the residual
smear, even when image motion compensation is provided.
This precludes the use of many frame imagers having

insufficient sensitivity.

» In general, a frame imager requires a modest amount
of prestorage target gain to overcome the limited
scene illumination encountered on this type of
mission. Frame imagers such as the slow-scan vidicon,
silicon vidicon, and return beam vidicon are not
sensitive enough to perform adequately at the antici-

pated light levels.



In selecting an appropriate frame imager for a

Jupiter orbiter mission, emphasis was placed on

camera systems capable of slow-scan operation.

It is desirable to have a camera system that can

store an image until the data handling and com-
munications system can unload the data to Earth

without using an ancillary storage system such as

a tape recorder. The SEC vidicon apd electro-

static storage camera (ESC) meet this and other criteria,
and are accordingly considered acceptable for a

Jupiter orbiter mission.

Almost all frame imagers are capable of slow-scan
operation and long-term storage if sufficiently cooled.
The SIT vidicon can provide integration times of
several hours by cooling to -60°C. Implementing
thermal control, however, can involve the use of
considerable weight and power and other practical
difficulties. The SIT vidicon was rejected for this
reason. It is more applicable to missions using on-

board storage at higher video bandwidths.



The charge-coupled imager requires cooling to

achieve a slow-scan capability and thereby be.

able to operate without an auxiliary storage unit.
However, charge transport is a significant new

concept in imaging which has attracted much interest.
The potential attributes of excellent performance at
low power, low weight, and good ?eliability are very
appealing. For these reasons, a charge-coupled imager
was one of the systgms selected for the Jupiter mission.
An intensified charge-coupled device (ICCD) was selected,
as it contains an image section which makes electronic
shuttering and electronic image motion compensation
feasible. Unlike the basic charge-coupled device, its
performance is less sensitive to readout noise at low

clock rates,

Based on a worst-case parametric analysis and an
overall assessment of all potential frame imagers,

the SEC vidicon, the electrostatic storage camera, and
the intensified charge-coupled device were found to

be the best systems for the class of missions studied.

The three selected camera systems all perform satis-
factorily when applied to the 2.29 x 45.1 RJ Jupiter
- orbiter mission. Ground resolution of 5 to 8 km

can be achieved at Jupiter near periapsis using these

systems,



Performance appears to be limited more by other
system parameters than by the sensors themselves;
particularly for the high-performance elecﬁromag-
ﬁetically focused camera configurations. 1f, for
instance, the camera parameters were not dominated
by factors such as image smear, versions with even
higher performance could be constructed. However,
such systems are nof required fo: the Jupiter

orbiter mission as defined for this study.

When photographing the satellites of Jupiter, the
three selected camera systems all perform satisfactorily.
If multispectral pictures are to be taken with filters
over several color bands, the ESd offers an advantage.
Because of its unique bulk storage capability, the

ESC can rapidly expose a sequence of pictures during
satellite encounters and transmit them back to Earth
afterwards. Contiguous ground covefage over several
spectral bands can be achieved in this manner over a
wide resolution ramge from close-up shots to full-
disec photographs. The ICCD and SEC vidicon would

require a tape recorder to obtain similar results.



The selected cameras appear suitable for missions to
Saturn and Uranus without any major design changes,
However, the resolution of the sensors deteriorates due
to the low available illumination when missions to
Uranus are considered, more so with the SEC vidiecon
than the others because its MIF is lower. The ESC

is consldered the best sensor for both the outer

planet missions and for flybys when tape recorders

cannot be used.
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SECTION II

SELECTION OF CANDIDATE SYSTEMS

2.1 INTRODUCTION

In performing the Study of the Applicability of Frame Imaging from
Spinning Spacecraft, all types of frame imaging systems having potential for
the class of missions of interest are considered, regardless of the current

state of the art.

The cbjective of this task is to select the candidate systems
to be analvzed in the initial phase of the study. Detailed sensor models
of these systems are developed at the component level for use in subsequent

analyses.,

The principal requirements for the ideal Imaging sensors for
planetary missions are high resolution, high quantum efficiency, long life,
and compatibility with the spacecraft and planetary environments. Almost
equally important are characteristies such as radiation tolerance, reliability,
quantum~noise~limited operation, large dynamic range, low weight, low power
consumption, wide spectral range, low cost and adaptability to other outer
planets missions. For spacecraft with limited data storage equibment, long
target storage with a slow-scan capability is also essential., WNo currently
available imaging sensor comes close to satisfying all of these requirements.
At best, camera systems must be selected on the basis of compromise, accepting
the shortcomings of the device as well as its merits and satisfying only the

most important requirements for a particular mission.
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Based upon these imaging system requirements, candidate camera
systems have been selected for a worst—case analysis. Imaging systems which
have been employed in previous space missions, along with other systems
offering many distinct advantages but which are still in the development
stage, are among the candidates which will be considered. Included in this
study as candidates will be the slow-scan vidicon, silicon vidicon, SIT
vidicon, SEC vidicon, return beam vidicon, silicon dioxide vidicon, electro-
Btatic storage camera and charge~coupled imagers. The use of an intensifier
stage coupled to the candidate sensors will be also considered where applicable.
Although the image orthicon and image isocon will be modeled, they will not

be studied in detail.
2.2 BASTS FOR CANDIDATE SELECTION

The actual requirements for an imaging system to be used for plane—-
tary exploration, typified by a Jupiter orbiter mission, differs substantially
from mission to mission depending on the particular scientific objectives.
However, general objectives and requirements have been established and can be
used to select candidate systems for amalysis. In general, the camera system
must be restricted in size, weight and power consumption, and it must produce
pPictures at the desired resolution. It must operate at an adequate signal-to-
noise ratio (SNR) over the range of illumination levels available. The camera
system must be rugged enough to survive the hazards of shock, acceleration,
vibration during launch, and trapped particles in the planetary radiation belts.
These missions will be of long dﬁration, imposing severe lifetime and reliability

requirements on the camera system. Development costs and readiness are also

12



important factors to consider.

Utilization of a spin-stabilized spacecraft, father than the mofe
sophisticated and costly three-axis stabilized vehicle, imposes additional
constraints on the camera's performance. Image motilon, caused by ;he spin
rate of the spacecraft, can blur the image and degrade the resolution capability
of the sensor. Camera cﬁaracteristics such as high effective quantum eff@ciéncy
and photoelectron noise~limited operation areldesirable. These factors shorten
the fequired exposure time by efficiently using'thé reflectedllight available |

ét_diétant planets, thus reducing the susceptibility to image motiom.

The limited data transmission and storage capabilities of spin-
stabilized spacecraft place additional requirements on the camera syétem.
Either an on-board storage system must be provided, or thé imaging system
must be capable of long-term storage and slow-scan. operation at the radio

frequency transmission bit rate.

Another important factor im candidate selection is previous
experience. Many camera systems have been flown on previous missions and their

performance levels are well documented.
2.3 CANDIDATE SYSTEMS SELECTED

A listing of all potential candidate framing systems is shown in

Figure 2-1 along with the candidate selections to be included in this study.
| )

Camera systems that have been previously flown are indicated. Framing systems

that were considered in the TRW System Group study of "Follow-on Pioneer
n(2)

are shown. Also included is a column showing

F

Missions to Jupiter
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candidate systems mentioned as possible Grand Tour alternatives by the Grand

(3

Tour Imaging Science Team

A short discussion on each of these camera systems follows, giving

the reasons for inclusion or omission from the study.
2.3.1 SLOW-SCAN VIDICON

The slow-scan vidicon or 55V (with and without intensifier) is included
as one of the candidate systems to be studied. The sélenium vidicon has been
used extensively in the Mariner series of space probes as well as on Surveyor.
The Viking lander will use a slow-scan vidicon with a single image intensifier
80 that electronic shuttering and image motion compensation can be applied.

The selenium vidicon offers relatively high resolution, acceptable format,
simplicity, low weight, good reliability, and excellent slow-scan characteristics,
However, it lacks wide spectral response and has no prestorage gain, a
requirement for quantum-noise-limited operation‘at low light levels in sensors
using charge-replacement readout. Its sensitivity is low, so intensification
will be needed to allow short exposures under the low light levels found on

outer-planet missions.

The selenium vidicon tube em~

. L_t.GrHT I
ploys a selenium target and a low-energy ? %;&i:RON
read-erase electron beam. Writing is . - -
effected by illuminating the uniformly e PHOTOCONDUCTIVE
TI\RQET
charged photoconductor target with light
SIGNAL
.. . TRUT
from the scene. The resulting increase ouTEL
! VIDICDN

in the conductivity of the target
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elements causes the surface potential of these elements to shift towards the
potential of the backing plate. A potential pattern corresponding to the

incident scene is thus established on the photoconductive target.

During reading, the target is scanned by the low-energy electron
beam. This beam replaces the charge on the surface of the target and shifts
the target elements back to their original potential. This charge replacement
process results in a capacitive current through the target which is proportion-
al to the amount of charge deposited on a particular target element. This
current passes through a load resistor to produce a halftone output signal
voltage. Since the selenium target has a high dark resistivity, slow-scan

readout is possible.
2.3.2 SILICON VIDICON

The silicon vidicon is identical to the slow-scan vidicon except
that it utilizes a silicon target and is more sensitive. It has excellent red
response, low weight, and the potential for long life. The quantum efficiency
of silicon is high and the target capacitance is moderately high. The short-
comings are modest resolution, the absence of Prestorage target gain, and

the possible need for target cooling to achieve slow-scan performance.

The silicon vidicon will be inclﬁded 48 a candidate during this
study. Although the silicon target is quite sensitive, a relatively fast opti-
cal system will still be required at the further planets. An intensifier

placed in front of‘the silicon vidicon will also be considered in the analysis.
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2.3.3 SIT VIDICON

The Silicon Intensifier Target {SIT) vidicon has excellent potential
for plametary exploration, having already been used on the Appollo 15 and 16
missions.

‘ PHOTOCATHODE
The SIT vidicon combines a photo- LIGHT PHOTOELECTRONS

ELECTRON
BEAM

cathode and an electrostatic’ (or magnétic) __L__
—

image section with a silicon diode array

SILICON OR
SEC TARGET

target. As with the selenium vidicon;_a

low-energy electron gun is used for image SIGNAL
: QUTPLT

SIT_OR SEZ TUBE

réadout and erasure.

An electric field established across
the target by means of the'low-enefgy read Eeam
is iﬁ a direction Sucﬁ that the target diodes are reverse Biased. During
writing, electrons from the photocathode are acéeleratEd by the image section
through a potential difference of 6-10 kV. When khese accelerated electrons
strike the diode array, a large number of electron-hole pairs are generated
within the'target (v 1 pair/3.4 ev). These ;lectron-hole pairs; accelerated
under the influence of the field across the target, result in partial
discharge of the individual diodes. Read6u£ of the stored image_is accomplished

in the same manner as with the selenium vidicon.

The high gain associated with the silicon diode target permits near-
quantum noise operation of the camera over a wide range of exposure levels.

The SIT vidicon has excellent sensitivity. Slow-scan operation involving
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several minutes of target integration can be achieved but requires modest

target cooling. The spectral range is presently limited in extended red response
because of the S$-20 intensifier photocathode. Red sensitivity improvement

can be expected, however, with an $-25 or in the future with a ITI-V compound

photocathode.
2.3.4 SEC VIDICON

The Secondary Electron Conduction (SEC) widicon has long-term integra-
tion capability and can store an image for many hours. An auxiliary storage unit
would not be required for many missions. It also has a low target capacitance
and a sufficiently high gain to make the amplifiér noise negligible. The
resolution is about the same as that of the SIT vidicon. A disadvantage is
its relatively fragile target; this, however, is being improved. An intensified

SEC will also be considered.

The operation of the SEC camera tube(a) is similar to that of the SIT
vidicon. The principal difference is the type of storage target and the
corresponding method by which localized areas of the target are discharged. The
target used in the SEC vidicon consists of a thin insulating layer on which a
thin metallic film (backplate) and a porous storage layer (e.g., ~20 y thick
KCl) are deposited. High-energy photoelectrons pass through the insulating
and metallic films and penetrate the storage layer. Due to the porous nature
of the storage layer, secondary electrons generated within the film are swept
through the layer. This results in localized areas of increased target
con&uctivity, which, in turn, causes these areas to partially discharge. Replacing

this surface charge by scanning the surface of the target with a low-energy
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electron beam results in a modulated output current through the target and the

series resistor.
2.3.5 RETURN BEAM VIDICON

The return beam vidicon (RBV) used in the Earth Resources Technology

Satellite has high resolution and higher signal-to-noise ratios than can be

obtained with a conventional MESH . L Focus cou - J
e | S — PEAC
vidicon, and it operates in a ' | Gun
’ I
slow~scan mode. Disadvantages - “ _ L
8 LGRT _7”\ ~—=]|
of the RBV are its moderate o // SIGNAL
. C—/ QUTPUT
sensitivity, bulkiness, and //// l, / 1
TARGET / MUTIPLIER
added complexity compared to ELECTRON

BEAM
the conventional wvidicon.

REturn BEAM VIDIKON

The RBV(S) is composed of an electron gun, electron multiplier, and

antimony trisulfide-oxisulfide (AS0S) photoconductor, along with a deflection
yoke and a magnetic focus coil. During exposure the imaged optical pattern is
transformed into a charge pattern on the gun side of thé photoconductor. During
the read cycle the electron beém scans the photoconductor with low-velociﬁy
electrons and charges each incremental element. The number of electrons
reflected from the target is proportiomal to the initial potential established
during exposure. The modulated return beam is collected and amplified by an
electron multiplier. Between exposures, the photoconductor is fleoded with

light to prepare the surface.
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2.3.6 SILICON DIOXIDE VIDICON

The silicon dioxide vidicon does not exist and must be developed.
It would be similar to an Ebicon with an 5102 target. The camera tube would
provide amplification at the SiO2 target through the process of electron—
‘bombardment—induced conductivity (EBIC),resulting in near-quantum-noise-limited
performance at decreased light levels. The system would offer a long-~term

storage capability and slow-scan operation.

Operation of the silicon di-

oxide vidicon is as follows.

During writing, the pattern of /‘PHMOCATHOC'E Eggﬁ;f‘m

R |

photoelectrons generated at
r—ELECTEGN
jl

TS

the photocathode is imaged

onte the thin SiO2 storage

' . \ e DEFLECT 1Y
 ————
target. A charge pattern is , Con
PHOTDELEC TRONS. < o N S
produced at the target by TlENAL Si02 “FOCUS
CSUTPUT TARGET ootn

electron-bombardment conduc—
Siticery DIOXIRE YiDiCcon

tivity (instead of by secondary
emission like in the SEC vidi-
con). Target gains of up to a
hundred are associated with this writing

process.

The method of reading is similar to that of the vidicon. The
storage Insulator is scanned by the low-velocity read beam. Since the
secondary emission ratio is less than unity, each target element is shifted

down to the cathode potential of the electron gun. As the potential of each
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individual element becomes more negative, a capacitive current 1s produced through
the insulating layer. This current flows through the load resistor in series
with the backplate, producing signal voltages corresponding to the stored

charge pattern.
2.3.7 ELECTROSTATIC CAMERA SYSTEM

The electrostatic camera system or ESC, presently under development,
differs from the sensors previously described in several respects. The storage

medium (thin film S8i0, deposited on a metal substrate} can retain stored images

2
for weeks. The number of frames can be increased, thus permitting the writing-
in and storage of many frames of iInformation before readout. In addition, the
cutput signal is cobtained by analyzing the energy of the secondary electrons
generated on the surface by a high-energy réading beam, Since the enexgy of
these secondaries is a function of the surface potential of the SiOz'from which
they were generated, the output signal corresponds to tﬁe potential variations
on the storage surface. Furthermore, since the reading electrons strike the
target with an energy above the secondary-emission first-crossover energy of

the target, the reading process does not tend to stabilize the_surface potential

of the storage medium to the

cathode potential of the reading
PHOTCOCATHODE MULTIPLE

STORAGE DRULM ELECTROMN

gun. The read-out process is, LIGHT BEAM
1
. hag - T
therefore, non-destructive, and e : T
e —CCI]
multiple read-outs of the stored / i
- ELECTRON ~
SILICON DIOXIDE - e O
. ; ANALYZER/MULTIPLIER
information are possible. The TARGETS ALTPLT

SiEMAL

high-energy readout alsc results in ELECTROSTATIC CAMERA TUBE

high intrinsic resolution and

excellent geometric fidelity.
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The electrostatic camera consists of a photocathode, image sectionm,
dielectric storage medium, priming/reading gun, energy analyvzer, and electromn
multiplier. Prior to imaging, a field gradient is established across the
thickness of the storage material by priming the surface to the cathode
potential of the electron gun. During exposure, electrons from the photocathode
are accelerated by the image section to an energy of about 6kV and strike
the storage surface. These high-energy photoelectrons discharge the storage
surface by the process of electron-bombardment-induced conductivity (EBIC).
This results in a charge pattern which corresponds to the scene being imaged
onto the photocathode. The high EBIC gain associated with this process leads
to near-quantum-noise-limited camera operation over a wide range of exposure

levels.
2.3.8 CHARGE-COUPLED IMAGER

Over the past few years solid-state imaging technology has matured
rapidly. Camera systems are being built around matrix-array photosensors
of 400 x 500 elements using charge-coupled-device (CCD) technology(e’ 7).
Charge-coupled devices uysed as the primary sensor and used in conjunction with

a photoemissive image section will be analyzed in this study.

CCD technology is apparently the first successful approach to all-
solid-state image sensing. The devices are simple, small, of low weight, and
require little power. Once transfer efficiencies and format size are increased
and blemish levels are reduced, CCD devices for planetary missions should
become practical. CCD imagers are unot capable of slow-scan operation without

being cooled, and they will require auxiliary storage if thermal control is not
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In its simplest form the " FRAME - e ¥ 7 = —"=1
TRANSFER A 7
CCD structure consists of an - e { { OPTICAL
LET (| fMTEGRATION
array of closely spaced metal ) —t 1t i SELTION
1 n
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sulator deposited on a uniformly . - ! L READCwT
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doped semiconductor substrate. Ajfémgb Pt i !
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, 1 | |, OureeT
light from the scene onto the d L— = GATE
b LINE
surface of the substrate. The 1 TRANSFER,

silicon converts the light quanta

CHARGE - CouPLED Dewee

into carriefs thét collect in a
pattern of charge under the
electrodes. During readout this chargg is transferred by sequentially shifting
the substrate bias voltage. When the charge, which is proportional to the
light intensity in the original'image, is moved to one end of the device, an

output shift register removes it row by row from the sensor area.

The intensified charge-coupled device {ICCD) consists of a charge—

coupled device preceded by a photocathode

/- ~ PHOTOELE CYRONS,
and an. Image section. The device has a ;

. LiGHT
. s CCD AND
high prestorage target gain, which provides -*"ﬂebua STars
. PREAMP
a quantum-ncise-limited signal-to-noise ratio o
' 4 SiEAAL
at very low exposures. _ PHOTOCATHODE ouUTPLT

INTENSIFIED CHARGE- COUPLED DEVICE
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Unlike the CCD, image motion

compensation can be applied electronically, and its performance is less
sensitive to readout noise at low clock rates. Electronic gating is also

feasible.
2.3.9 IMAGE ORTHICON

The image orthicon tube will not be studied; however, a mathematical
model of the sensor will be presented. The image orthicon is not generally
considered for planetary missions although it was to have been flown in the ATS-4
(which did not achieve orbit). The image orthicon has been eliminated because
of its complexity and low gain when compared to modern devices such as the
SEC and SIT vidicons. The collector mesh associated with the device collects
a large fraction of the photoelectrons, lowering the net quantum efficiency
of the photocathode and dégrading_the modulation transfer function (MTF) in
single-exposure readout. The image orthicon becomes limited at low light levels

because of electron beam noise.

, (8)
The image orthicon PHOTOCATHODE

utilizes a photocathode as the initial / FigLo CLECTRDN

/ /~ MESH /‘ BE AN
sensor. The photoelectron image é/ ‘

[ S ',GUN

pattern developed at the photocathode 'Jeﬂzﬁ,.___~ﬁ4, E‘“&le‘hm_l£451

. aF >
is focused magnetically onto a thin, ;/ Ty -
insulating tarpet surface. Secondar { \\ StanAL

_ y PHROTOTLECTE ONS " Tareet MULTIPLER  © Cuthyt

emigsion from the target then results
in a positive charge pattern on the IMAGE  ORTHILON

target. The electron beam from the
gun scans the charge, losing some

electrons to the more positively charged areas of the target, and the
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remainder of the beam returns to the electron multiplier surrounding the
electron gun. The signal is the current ocutput from the anode of the electron

multiplier.
2.3.10 IMAGE ISOCON

Although image isocon will not be studied, an analytical model of
the sensor will be presented. The image isocon is a modification of the
image orthicon in which an improved electron-optic system has been introduced

and in which the problem of :
SENTTERED
PHETOCATHODE RETEN BeAM

inherent beam noise has been
. RELWD
largely overcome. The MESH REFLECTED
- / / RETURN BEAM
. L

electron—optical system per-

—_— ] |

its ration of the scat Lien : " /VG‘M

m sepa o e - . -
2 sep U —
. 7l I

tered and reflected portions /// Ny

of the electron beam. Whereas ‘L MUTIPLIER
PHOTGELECTRONS TARGET S\EMAL .
e

the image orthicon accepts all of ' GureeT

the return beam for amplification, : \MAGE \Socond
the image isocon camera tube derives
its video signal only from the

scanning~beam electrons that are scattered by the storage target.

The image isocon has been eliminated as one of the initial camera
candidates for the study for many of the same reasons as the image orthicon.
It is much more complex and has a lower gain than both the SEC and SIT vidi-

cons. The fietd mesh lowers the net quantum efficiency by attenuating the
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photoelectron image, and it creates a charge image that seriously degrades

the sensor MIF during single-exposure readout.

2.3.11 SMOOTHING DISSECTOR
The smoothing dissector will not be analyzed in this study, as it
does not appear to have the qualities required to operate as a frame imager

for the class of planetary missions of interest.

The combination of an image

intensifier tube coupled to the input
PHOTOCATHODES
N\ DISSECTING

of an image dissector is called a WHOSHMR\ APERTuRE

IGRT r ELECTRON
\ . - MULTIPLIER
"smoothing dissector". The image %: \\ﬂi)> i f
—-——---a-i . - '
intensifier contains a slow-decay %, . m% T t————*_1
f s
phosphor screen that acts as a IMAGE IMAGE QUTELT
NTEHSIFIER DISSECTOR TEAL

temporary storage element. The SMOOTIING DISSECTOR

method offers a high quantum

efficiency, wide spectral range,

a better signal-to-noise ratio than either a single scanned photomultiplier
tube or scanning image dissector, and low light level operation. However,
the smoothing dissector lacks long-term storage and slow-scan capability.

It is used more efficiently in the lipne-scan mode.
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.SECTION III

CAMERA MODELING

3.1 INTRODUCTION

Analytical models have been developed at the compﬁnent level for
those frame-type imaging systems which have been selected as candidate systems
for possible use on board a spin-stabilized spacecraft for outer planet
applications. These models describe thé resolution and peak—signal-to—RMS;
noise characteristics of the sensors. Details of the development df‘the
camera models are given in Appendix A, along with a list of the analytical

signal-to-noise ratio models for the candidate camera systems.

The basic relationships used in developing the camera modéls are “
introduced in this section and several methods of plotting camera performance
~ are described. The methods for calculating thg ifradiance in the focal plane
of a camera imaged on a distant object and for converting that irradiance into
the sensor's photocurrent is described first. Then the modulation transfer
function (MIF) concept and the MTF treaément of the analytical models are
presented. This is followed by a descrip;ion of the aerial image modulation

curve and other methods of plotting camera pe:formance used in this study.
3.2 EXPOSURE CALCULATION FOR ANALYTICAL MODELS

In the process of calculating the irradiance in the focal plane of
a camera imaged on a distant object and of converting that irradiance into the
sensor's photocurrent, radiometric units (rather than photometrié units) will be

used to define the spectral response of the .detector and spectral irradiance.
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3.2.1 GENERAL RELATIONSHIPS

If the relative spectral distribution of the input flux is designated
by WA, and WP is the peak spectral density of the input flux in (W/mz)/nm, then

the input flux, F_, is given by:

L!

F. =W [~ Wdx (3-1)
The detector output current density, I, can be computed from

I =8/ oW, d (3-2)

where Sp is the peak monochromatic responsivity of the detector in A/W, and

“ is the relative spectral responsivity of the detector.

The respounsivity RD of the detector (9 can be defined by:
3 [++]
R, = I/FL = spfo UAWAd*’fo W, dA (3-3)
3.2.1.1 Orbiting Camera Relationships - For the specific case of a

Jupiter orbiter, where the solar irradiance is reflected off of the planet
into the focal plane of a camera, additional parameters enter the calculation.
The sun-planet distance, planet albedo, phase angle, optical system, and

detector characteristics must also be considered.
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It can be shown that the irradiance F0 of an object which
fills the field of view at the image plane of the optical lens system is

W those - _
F = —B-'E'—E'—— f W;\P)\d}\ (3-4)
4y~ f . 0

where the solar irradiance is defined by WP and Wl’ r is the sun-planet

distance in astronomical units, t  is the transmission of the optical lemns,

L
f is the f~-number of the lens, ¢ is the phase angle, and PA is the geometric
albedo of the planet as a function of Wavelength. Since the actual phase

functions of the outer planets are not known, a simple Lambert phase fumction

has been assumed.

The detector current density can now be determined from the integral

of the product of the spectral response of the detector, the input flux at -

the image plane, and the spectral transmission of the detector faceplate, tol'
WS tL cosf
=L @ —
I 52 fo WAPAtOAUAdA (3-5)
4r~f o

As an alternate method, the responsivit?, RD, and the flux density
at the photocathode surface, ch, could be calculated separately and then

combined as follows:

RD = SP.I'0 GAWAPAtoldl/fo WAPAtoAdl (3-6)
W tL cosb -
FPc - 41_IZfZ fo WlPltoAdl ' (3-7)
then
_ 2
I = RDFPc amps/meter _ _ | (3-8)

29



3.2.2 DETECTOR QUANTUM EFFICIENCY - GENERAL RELATIONSHIPS

The detector current density could also be expressed in terms of

the integral quantum efficiency, n, in electrons/photon by
I =nFe (3-9)
where FV is the rate of flow of photouns

W
F, =0 1.7 aWadx, (3-10)

h is Planck's constant (6.62 x 10“34 joule-sec), ¢ is the velocity of light
(3 x 108 m/sec), e is the electronic charge (1.6 x 10_19 coulombs), and * is

the wavelength ip meters.

If the detector quantum efficiency, Ny is known as a function of

wavelength, then the detector current density can be obtained from

eW
= P x -
I he fo AWAnAdA {3-11)
3.2.2.1 Orbiting Camera Relationships - For the specific case of an imaging

device on an orbiting spacecraft, Equation (3-4) can be rewritten in terms of
the rate of flow of photons at the sensor's faceplate as

W those -
F = f AW_P.dx (3-12)
° 4hcr2f2 ° ATA

The detector current density then is expressed by

el those o
I = fo AW Pktolnkdh (3-13)

4hcr2f2 A
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3.3 MODULATICN TRANSFER FUNCTIONS

The analytical mddels for the éandidate éameras (signal-tb-noise
ratio equations) have been developed for predicting performance through the
use of the aerial image modulation (AIM) curve concept (also called the
threshold modulation method). The AIM curve, which is the locus of constant
signal-to-noise ratio of the camera system, shows the relationship Between
input modulation and spatial frequency and makes it possible to determine

the resolving power of a camera system from its modulation transfer function.

Ihe modulation transfer function (MIF) describes the ability of the
camera system, or one of its components, to reproduce an input sine-wave imagegll)
The MTF is defined as the amplitude response of the system. (If represents
the amplitude term of the ﬁptical transfer function which also contains a phase
term. In camera system analyées, only the amplitude term is important.) The
overall system modulation transfer function, designated TS(K), is the ratio of

the modulation in the image to that in the object as & function of the frequency

of the sine~wave input.

M, (K)
TB(K) = {3-14)
0
where
TS(K) = the MTF value for a sine wave of K cycles/mm
K = the spatial frequency
Mi(K) = the modulation in the image
Mo = the modulation in the object

3



A schematic representation of the equation would look like:

;S(K)
f "
Mo —1  gystem —s Mi(K)
T (K
, AL
//”'d— \\
M image lens =  5ensor #~ recorder ]—"Mi(K)
o] motion

The object modulation, Mo, is defined for an object (the scene) with

a sinusoldal distribution of light as follows:

Emax " “min
M "% T (3-15)
max nin
where SIGNAL
MAXIMUM
E = the maximum intensity of “
light from the object TN AVERAGE
with sine-wave distribution
A MINIMUM
E . = the minimum intensity of
min

light from the object" ZERO LEVEL.’

The object modulation can also be defined in terms of the contrast

ratio of the scene by

CR -1
M, = Cp + 1 (3-16)
where
Emax
C, = (3-17)
R Emin

and CR = the contrast ratio of the scene.
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In the analytical models for the camera systems, the signal is
expressed in terms of the object (input) modulation. The optical signal

is defined in all cases as the difference in extreme intensity levels.

S = AE = E - E
o max min

In the same manner, if we assume that for all values of K, the
average Intensity, E, is defined as:

E + E
max m

2

then equation (3-13) becomes

-'E':' - in

or

When the entire camera system is considered, the optical signal
is transferred through many individual components, each having a unique MTF.
The processes that cénvert the average light intensity of tﬁe scene to an
average camera output current also reduce the modulation of the input signal

The output signal of the camera system, S(K), is therefore given by

S(K) = ZMi(K)Ii

or

S(K) ZMOTS(K)Ii

whetre Ii is the output current.

Equation (3-23) has been used to develop the signal expressions in

all of the camera analytical models in Appendix A.
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3.3.1 COMPONENT MODULATION TRANSFER FUNCTIONS

3.3.1.1 Camera System MTIF - The camera system MTF, TS(K), used in

the analytical models, is the product of all of the component MIFs.

T ) = T (7 e (R T ()T (K) | (3-24)
where

TIM(K) = the image motion MTF

TLENS(K) = the optical MTF

TSEN(K) = the sensor MTF

TREC(K) = the recorder MTF

The variable TSEN(K), can also be derived from the product of the
sensot component MIFs. The MIFs for components such as the fiher optic face-
plate (when electrostatic focusing is employed), the photoemitter, image
section, target, field mesh, and read beam can be multiplied together to

obtain the sensor MTF.

3.3.1.2 Image Motion MTF - Several types of image motion can reduce the

performance of a camera system because of movement during exposure, such as
linear motion, random motion, vibrations and parabolic movement. Only the
linear image motion MTF, caused by the spacecraft spin rate, appears to he
significant enough to be considered in the camera models because of the
short exposure time required. The relative magnitude and effects of the

various types of image motion are Presented in Section 6.
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The transfer function for linear image motion(ll) is

sin(wAmK)

TA K (3-23)
m

TIM(K) =
where Am is the magnitude of image motion relative to the sensor's faceplate

during the exposure time, and K is the spatial frequency.

TIM(K) is shown as a function of the product AmK in Figure 3:1. Note
that when the uncompensated image motion is equivalent to the spatial frequency
(i.e., AmK = 1.0), exactly two pixels are smeared and the.modulation becomes
zero. A maximum smear of 0.5 to 1.0 pixel is generally selected as a performance

criterion in order to maintain a satisfactory modulation.

For use in the camera models, the image motion MTF is more convenient
if expressed in terms of the spin rate, focal length of the optical system,

and exposure time instead of Am.

- _2n

A = Vgt =0 FRE (3-26)

therefore
sin[ZﬁstteFK/GO]f ,

T = [272R_t _FK/60] | (3-27)
where

Vg = velocity of the image with respect to the object

te = gxposure time

F = focal length of the lens

R_ = spin rate (rpm)
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3.3.1.3 Lens MTF - In selecting the MTF of the optical system,

diffraction-limited lenses will be modeled. Aberration-limited lenses

and optics wheré both diffraction-limited and aberration-limited effects

exist will not be considered.

The MTF of a perfect diffraction-limited lens 15(10)

» 2
s @ = = [eos ' EH-ED 1Y ]

where

and
A is the wavelength

D is the lens aperture'diameter

3.3.1.4 ~ Sensor MTF - The MIF of the camera tube or sensing device
will be handled in several ways in the analytical models. When possible,
mathematical expressions for sensor components will be used, if good

correlation with actual device performance is indicated. In some cases,

where the mathematical expressions are not available (such as for'complex

electron optical sections), actual MTF data will be used in tabular form.

The general expression for the sensor MTF consists of the product

of all the sensor components, provided that all the elements are linear.
Therefore

(- (K) = T1g (X) Ty (K) TR(_K)
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where

T (K) = the image section MTF
IS
Ty (K} = the target MTF
T (K) = the readout MTF
R
3.3.1.4.1 Readout MIF ~ The MTF of the readout beam can be readily
calculated assuming the scanning electron beam spot has a Gaussian shape(lo).

The readout MTF is determined by taking the Fourier transform of a Gaussian

distribution.

r(K) = e-ZWZKZGZ (3-30)

where

o = standard deviation

To perform this calculation o must be defined in terms of the beam
diameter. This can be accomplished in a number of ways. Sometimes the beam
diameter is defined as the full width at half maximum on the Gaussian curve,
which yields a spot diamgter d=2.35 06, In this study, the beam diameter
will be defined as the full width of the Gaussian curve at the 5% amplitude

point. This yields a spot diameter of d = 4o.

3.3.1.4.2 Target MTF - Analytical expressions for the target MTF can be
obtained for all camera models. Expressions for the theoretical MTF of the

electrostatic storage targets have been derived by Krittman.(lz)
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For a slow-scan -vidicon or SEC target, the target MTF is:

1—e-4WKtl‘

4Tkty ’ (3-3D)

TT(K) =
where

tl = the target thickness,

For the image orthicon and imagé isocon, the target MTF is:

e—QWKtl _ e_4WK(t1 + to)

r T ATkt | (3-32)

where

rt
I

2 target—-to-mesh spacing.

In the electrostatic storage camera and SiO2 vidicon where the
dielectric constant,kl, of the stbrage'medium is not unity, the target MTF
becomes:

- 2k
e 4WKtl ) 1

= 1- . [

target 4mktq

T(K) (3-33)

(k. +1)+(k,~1) e *TKEL
1 1
The modulation transfer function for the silicon target used in
the silicon vidicon and SIT vidicon will be determined analytically. The
target MTF, which dominates the overall sensor MTF, is made up of three

factors: the diode spacing; the lateral diffusion; and electrostatic thickness.

Crowall(IB) describes the first two effects which are summarized

below.
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The MTF resulting from lateral hole diffusion, TH(K), is given

by:

(K = ng/n, (3~34)
where

_ aL(1-R) 2(aL#S L/D,)-(8,-8_)exp(-aL ) )
(aL)“lexp(-aLa)] - (1~R)exp(-aL, ) (3-35)

and

"o = "l (3-36)

0 K K =0
and in which

B, = (1 =5 1L/D Yexp ¢ (L /1) (3-37)
and

1/L2(R) = 1/1,02 + K2 (3-38)

o = silicon absorption coefficient at the wavelength

of interest
R = silicon reflectivity at the wavelength of interest

8_ = surface recombination velocity for holes at the
11luminated surface

Dh = hole diffusion constant in n-type silicom
L_ = thickness of undepleted regionm

Lb = thickness of the n~type region plus width of
depleted region

K = spatial frequency

L = diffusion length.
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The MTF for the finite diode spacing, TD(K),is given by

sin2nKd
T K) = _EzTrde (3-39)
where
ZdP = center—to—-center spacing of diodes.
The third silicon target MTF component due to the electrostatic
thickness (the first-scan effect), TE(K), is described by Krittman(lz) as
~4mKt :
_1-e 1
&) = 4mKE] (3-40)
where tl is the thickness.
By combining these effects, the target MTF, TT(K), is then
determined.
1p(K) = 1 (K 1 (K) T (K) (3-41)
3.3.1.5 Image Section MTF — The MIF of the image section is the

product of the imaging electron oﬁtics MTF, the photoconductor or photoemitter
MIF, and the fiber optics faceplate MIF when used. Thg image section MTF will ‘
most likely be iﬁtroduced into the analytical models in_tabular form from
experimental data rather than as mathematical expressions, because the

theoretical expressions are generally not available.
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3.4 ARRIAL IMAGE MODULATION CURVES

The limiting resolving power of a camera system can be calculated
in numerous ways. One method that will be used to compare systems in this
study 1s the aerial image modulation curve (AIM). Using this method, the
limiting resolution of a system can be obtained from the intersection of the
sensor AIM curve (also called the modulation detectability curve) Md(K), with

the available aerial image modulation functionm, Ma(K).

The available aerial image modulation(14) can be defined at any
point within the camera system. However, it is convenient to define Ma(K) as
the aerial image modulation at the sensor faceplate in order to obtain a
better comparison of the performance of the candidate sensors. The analytical

expression for Ma(K) is given by
Ma(K) = METIM(K)TLENS(K) {3-42)

The modulatiom, Ma(K)’ at the sensor faceplate is determined by
considering all MTFs occurring prior to the sensor. A schematic representation

of the camera system showing this relationship follows.

® NS

—_—

-

t
|
7 ! ’ ’ |
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i
1
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The modulation detectability curve Md(K) (also called the threshold
modulafion) is developed from the relationship

SNRL

SNR(K) (3-43)

Md(K) =
where

SNR(K)

SNRL

the signal-to-noise ratio of the camera system

I

the limiting threshold signal-to-noise ratio.
This value is generally set between 1.7 and
3.6 when testing a system depending on the type
of target pattern used and if motion is present.
A value of 3 was selected for the curves plotted
in this study.
The modulation deﬁectability curve Md(K), as shown in Figure 3-2,
defines the locus of constant signal-to-noise ratio (at the threshold wvalue of
SNRL). It also describes the minimum aerial image modulation at the sensor

required to achieve the resolutiocn corresponding to the intefsection of the

two curves.

Figure 3-2 illustrates the method of determining the resolving
power of a camera system. Here, the availablg aérial image modulation and
the modulationldetectability curve of the camera are plotfed as a function
of spatial frequency. Note that the scene is resolved when Ma 3;Md(K) and
that the limit of resolution occurs when Mé'= Md(K). The limiting resolution
of the system (at a threshold signal-to-noise ratio of 3) is indicated by the

spatial frequency corresponding to the intersection of the two curves.
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To find the resolution which would be obtained with a low—cont?ast
target, we use the same modulatioa'detectability curve, Only the available
aerial image modulation is affected by the contrast change. For a contrast
ratio of 2:1 (Mo = 0.33), the ordinate of the éurve, Ma(K)’ is multiplied

by the scene modulation as shown in Equation (3-42).

The available image modulation can also be modified to show the
effect of spin rate and other mission variables on system performance. At
5 rpm, for instance, the performance of the system would be limited to the

shaded region shown in Figure 3-3;
3.4.1 APPLICATION OF AIM CURVES

The AIM curve concept, described in Paragraph 3.4, will be applied
in Section 7 to perform the worst-case analysis and to compare the performance

of the candidate systems. The method is especially suited to comparing

different sensors. Since the modulation, Ma(K), is defined at the sensor
faceplate, the performance of the sensor is thereby isolated from the lens
and the effects of image motion. Consequently, only the sensor portions

of the candidate systems are compared.

In Section 8, in which the analysis for a specific Jupiter orbiter.
mission is performed using the selected camera systems, a different method of
plotting performance is employed.' In Section 8, the performance of the entire

system is of interest and we do not want to isolate the sensor from the rest
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of the system. In this case, the available aerial image modulation is taken
at the scene rather than at the sensor faceplate, and it is equivalent to
the object modulation Mo. The MTFs of the lens and for image motion are now

used in the calculation of the modulation detectability curve, Md(K).

Figure 3-4 illustrates the system modulation curve method of
plotting performance. Note that the object modulation, Mo, is plotted on
the ordinate. Referring to Equation (3-16) we see that the object modulation
-is only dependent on the contrast of the scene and is invariant with the
spatial frequency. Consequently, the object modulation can be represented
by a straight horizontal line, and a contrast ratio scale can be superimposed

on the modulation scale.
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3.5 SIGNAL-TO-NOISE RATIO

The signal-to-noise ratios plotted in this study are calculated
at two distinct locations along the image processing chain. First, the
signal-to-noise ratio at the data link (SNRdata link) is given to characterize
a camera's analog signal prior to encoding. Then the signal-to-noise ratio

of the reconstructed picture (SNR )} at the ground recorder is

reconstructed

determined. The SNR a4’ as used in this analysis, represents

reconstructe
the ideal case where no additional noise is introduced by the digitizing and
recording processes and where ne MIF loss is associlated with digitizing. The
characferistics of thé telemetry equipmeﬁt and ground recorder must be known
before fhe actual performance in terms of the reconstructed picture can be
Vdetermined. Without this information, we can oﬁly establish the limits of

performance and conclude that the actual SNR of the picture will be between

the data link and reconstructed picture signal-to-noise ratios given.
3.5.1 SIGNAL-TO-NQISE RATIO AFTER RECONSTRUCTION

The analytical models developed in subsequent program tasks represent

s

the SNR at the data link, In order to obtain the signal-to-neise ratio

after reconstruction of the analog signal, the analytical models must be modified

80 that
Ak -Tféc(K) ' -
NR econstructed — Z;‘ 52(K) SNRdata link (3-44)
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where

is any arbitrary area defined in terms of a resclution
element of spatial frequency K so that

1,2
Ak=(5'ﬁ)s

Ab is the area of the recording beam (which in this analysis
has been assumed to be the same as that of the scanning

beam in the camera),

TrEC(K) is the modulation tramnsfer function of the recorder,

and 62 is a noise correction factor given by 0. Schade Sr.(ls)

. IOK Trec(K)szdey

8. = 2 ‘ (3-45)
r R Kk

o ‘o Xy

Since the recording method has not been identified, in this analysis
the recorder modulation transfer function will be set to unity. Consequently

when Trec(K} =1, BZ(K) is als? unity and

/5 o

NRreconstructed==J A data link (3-46)

This equation represents an upper bound to the signal-to-noise
ratio of the reconstructed image on the recording medium. Knowledge of
the characteristics of the encoding circuits and recorder equipment are

required to increase the accuracy of the calculation.
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3.6 RESOLUTION RELATIONSHIFS

The resolution relationships required to determine the ground
resolution for a camera system orbiting Jupiter are of interest. The
conversion from angular resolution subtended by one pixel to ground resolution

at the planet Jupiter can be obtained from Figure 3-5 for vertically-oriented

camera systems.

Starting with a known focal length, the angular resclution can
be converted to spatial frequency in cycles/mm at the detector. Angular
resolution can also be translated to ground resolution in km/pixel once the

altitude of the spacecraft is known.
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FIGURE 3-5
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To convert directly from spatial frequency to ground resolution

the following relationship may be used as a first-order approximation:

G = 5%; (3-47)
where

G = ground resolution in km/pixel

H = altitude of the spacecraft in km

K = spatial frequency in cycles/mm or 1lp/mm

F = focal length in mm
3.7 MAXIMUM SIGNAL-TO-NOISE RATIO

The maximum signal-to-noise ratic that a sensor can deliver is
associated with quantum-noise~limited operation. The signal-to-noise ratio

is limited by the fluctuations in the photon flux arriving at the photcemitter.

If, during the exposure, the average number of photons per picture element
is n and the quantum efficiency of the photocathode is n, then an average of
nn photoelectrons/picture element strike the target. If no other noise

sources are present,

SNR (photoelectrons) =‘j£%\ =\jﬁ5 (3-48)
nn

It is important to realize that no amount of noise-free amplification
can improve the photoelectron signal-to-noise ratio. From this viewpoint,
placing an intensifier stage in front of any gquantum-noise-limited system

would not improve performance.
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SECTION IV

COMPUTER PROGRAMS

4.1 INTRODUCTION

Computer programs have beén developed for the signal—to—noise'ratio
models for all of the candidate imaging systems. These programs were used

in Sections 7 and 8 to perform the parametric analysis.
4.2 COMPUTER PROGRAMS

The analytical models for the camera systems have been programmed
in EORTRAN 1V computer language. A separate‘prograﬁ exists for each sensor
type. Defailed symbolic listings of the programs along with a line-by-line
description are given in Appendix B. Computational flow diagrams and samples

of a typical input/output worksheet are included.
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SECTION V

RADIATION AND RELIABILITY FACTORS

5.1 INTRODUCTION

The objective of the radiation and reliability study is to
evaluate each of the proposed sensors in order to help select the most sultable
seﬁsor for the Jupiter orbiter mission. First, the expected radiation environment
is studied, then the eéfect of that radiation upon each of the various image

tubes is discussed. Conclusions are then drawn on which tubes are the most

reliable.
5.2 DISCUSSION OF RADIATIOCN
5.2.1 MISSION DURATION

The Jupiter orbiter mission consists of the passage from Earth to
Jupiter with a mission objective of at least 10 orbital passes., The inter-
planetary leg is expected to take from 750 to 900 days, and the orbital passes

from 10 to 50 days each.(z)

- Although manyldifferent orbit shapes are beilng
considered for the missiqn, the charged particle densities will be calculated
for an orbit in the Jovian magnetic equatériai plane with a periapsis of 2.29 RJ
and an apoapsis of 45.131 RJ. The neutron and gamma fluences will be

calculated based on a total operating time of 1100 days.
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5.2.2 EXPECTED RADIATION DOSAGE

Several sources contribute to the sensor radiation environment: RTG
radiation; terrestrial and Jovian trapped particle radiation; galactic and
solar cosmic rays; and the solar wind. The RTGs have a neutron and gamma
ray flux, while the other sources consist primarily of protons, electrons
and gamma rays. However, the charged particle flux in the Jovian magnetosphere
is so much greater than that encountered in interplanetary space that all

other charged particle sources can be neglected.
5.2.3 RTG RADIATION

Estimates by TRW(Z) for the SNAP-19 RTGs indicate an average neutron
flux of 3.5 x 103 neutrons/cmz—sec and an average gamma ray flux of 5 x 104/cm2-sec
at the science package. Other estimates are as low as 250 neutrops/cmz-sec and
8 x 103 gammas/cmz-sec, but the higher TRW measurements will be used for this report

to establish worst-case results. Most of the neutron energy is in the 1-3 MeV

range.
5.2.4 JOVIAN RADIATION RELTS

Several models have been developed for the Jovian radiation belts.
The first, and most famous, is that developed by Neil Divine of JPL, Following
the JPL Jupiter Radiation Workshop in July 1971, a new model was devised
(BKTC model) which predicts significantly higher fluxes for both protons and

16
electrons( ). It should be pointed out, however, that both models rely on
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analysis of the decametrie radiation from Jupiter, which is only related to
the electron flux. The proton flux has then been estimated from the electron
flux. The graphs in Figure 5-1 depict the fluxes as a function of distance
from the center of Jupiter in the equatorial plane. Using the BKTC model, the

equatorial charged particle fluxes at 2.29 RJ are

Nominal Maximum
6 9 , 2
protons: 5x 10 7 x 107 particles/em -sec
electrons: 7 x 106 : 5% lO7 particles/cmz-sec

The maximum exposure occurs within a few hours of pefiapsis. For
example, at t = t 4 hours, the spacecraft is beyond 5 RJ, which reduces the
flux by two orders of magnitude for the BKTC model. The resulting integrated

proton fluences are on the order of 4 x 1013/cm2 per orbit. Thus, for a ten-

orbit lifetime, the total particle fluence would be:

Max. Fluence/cm2

protons 4 x 1014
electrons 3 x 1012
neutrons ' Ix 10ll '
gammas 5% 1012

5.3 SENSOR RADIATIDN RESISTANCE DATA

Degradation of a sensor can occur in many ways. However, since all

the parts of each sensor system except the target are identical from a

first-order radiation damage standpoint, only the various targets will be discussed
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in detail. TFor instance, each sensor will require a set of optics and electronic
equipment. The radiation damage caused to each sensor system by degradation of
these parts will be approximately equivalent. Only the relative radiation

resistance of the sensor targets will cause significant differences.

Each of the'cgndidate sensors will be subject.to problems arising
from radiation effecté on the glass envelope. For instance, at proton dosages
above lolo/cﬁz, clear pyrex glass turns brown. In addition, luminescense cén
occur when partiéles collide with the glass. It is therefore recommended that
fused silica or quartz be used for faceplétes and that ceramic be used for thé

tube bodies. This would help to eliminate two important problem areas.
Detailed sensor-data follows.
5.3.1 . SEC TUBE

The target of the SEC tube is comprised of 500 & of A1203

on a 500 & thick layer of Al. Deposited on the Al and facing the read gun is

deposited

a porous layer of KCl. In operation, arriving photoelectrons from‘tﬁe
photocathode generate secondary electrons in the KC1 layer. These electrons

are replaced by the read beam.

This tube is particularly gamma radiation resistant due to the

excellent insulating properties of the KCl layer which holds the chargé. Radiation

(17)

studies done for the Apollo ATM program by Westinghouse showed that there
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were no permanent irreversible effects on tube performance after gamma
irradiation. This includes photoresponse, sensitivity and lag. When tubes
were operated in a gamma ray flux, the only major problems were image
washout and reduced storage time. At dosages of 1.8 x 107 gammas/cmz-sec,

the washed-out picture was observable.

Using this as the maximum acceptable dose rate, the tube should

15

2
be able to survive almost 2 x 107~ gammas/cm” over the length of the trip.

This is far in excess of the 5 x 1012 gammas/cm2 expected from the RTGs.

More data is needed on SEC tube operation in proton and electron

environments before a complete assessment of its teliability can be made.
5.3.2 SIT TUBE/SILICON VIDICON

The targets of the SIT and silicon vidicon tubes consist of a
silicon diode array on a 1/2 mil thick silicon wafer. In the silicon vidicon,
incident light impinges directly on the diode target, whereas in the SIT
tube, electrons from the photocathode strike the diodes. Electron-hole

pairs are thus generated, and the free holes are stored in the diodes until

read out.

Radiation studies performed by RCA Astro~E1ectronics(18) show that
the silicon diode array target is fairly sensitive to radiation. A neutron
: 11, 2
fluence of 10" /em“ plus a 7 x 1013/cm2 gamma-ray fluence caused a doubling

of the dark current, although the quantum efficiency was unchanged. No
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structural damage was evident until the fluences approached 1012/c:m2 and

7x 1014/cm2 respectively. Profon‘irradiation with low-energy protons (3 MeV)
seemed to do the most damage, causing a 40-fold increase in dark current

with a fluence of 1013/cm2. The quantum efficiency of the target was also
degraded by as much as a factor of 3. Electron bombardment at the same fluence

level caused only a 3Ffold increase in dark current and a slight decrease in

quantum efficiency.

Studies done by JPL on'silicon vidicons(lg) showed that for 2-MeV
electron fluences. of 4 x 1012/cm2, the only significant image degradation was
caused by an increase in dark current. However, this was caused primarily
by fluorescence in fhe 7056 faceplate, This effect declined after a pefiod of

houry and the vidicon performance returned to its original level.

The graph_in'Figure 5-2 shows how selected particle bombardments

affected the dark current of silicon diode arrays.
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PARTICLE FLUENCE/CM2

Particle fluence versus relative increase in
dark current for bare Silicon diode arrays.
VT = 8 volts. (From data in Brucker}

Figure 5-2
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In summary, only the proton radiation appears to be potentially
damaging. The threshold limit for good spectral response is 1010/cm2. This
fluence will be exceeded during the mission, so the SIT tubes will need careful
hardening and shielding to survive. This shielding would increase the weight

of the tube.
5.3.3 CHARGE~COUPLED DEVICES

The charge-coupled-device imager is basically an array of metal-
insulator-semiconductor capacitors on a thin semiconductor substrate. When
an image 1s projected onto the array, minority carriers accumulate in the
potential well associated with each capacitor in proportion to the photon
fluence. The resulting charge configuration cén then be serially read out by
utilizing the intrinsic shifting ability of the array. Thus, although a buffer
or tape recorder would be needed (unless the target were cooled), the support
electronics is otherwise limited to the shifting circuitry. No high-voltage

or filament supplies are required.

No experimental work has yet been done on‘the radiation resistance
of CCDs. Since these devices are similar to MDS transistors, some similar
effects can be inferred. The major effects of ionizing radiation on MOS
devices are the buildup of positive charge in the oxide and the generation of
new interface states. However, the CCD is insensitive to the positive charge

buildup, and the generation of new interface states can be minimized by using
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(20)

the "buried channel” construction technique . The major remaining problem
would then be the increase iIn dark current caused by the displacement damage

due to heavy particles. This damage occurs in all materials.

Thus, although there is no data available on CCD radiation resistance,
it is expected that these devices can survive at least as well as the silicon

diode arrays.
5.3.4 ELECTROSTATIC STORAGE CAMERA

The ESC target consists of ‘an 5102 film on a conductive substrate.
In use, a flood of electrons first primes the sﬁrface to a uniform potential.
Then the arriving photoelectrons penetrate the film and discharge the surface,
causing the resultant surface charge distribution to be proportional to the
input signal. Due to the high energy of the arriving electrons and the
large electric field in the film, many conductive electrons are released by
each photoelectron by the process of EBIC gain. Readout is accomplished by

sampling the charge with an electron beam.

Recently, experiments have been %erformed'by CBS Laboratories to
determine the radiation sensitivity of the storage fiLm(ZI). Target samples
stored in evacuated ampoules were exposed to varying amounts qf proton and
electron and Bremsstrahlung radiation. The irradiated samplgg were tested for
discharge of the surface potential, EBIC gain, and long-term charge storage.

Table 5-1 summarizes the maximum dosages involved.
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TABLE 5-1

PARTICLE BOMBARDMENT OF ESC STORAGE TARGET

TEST RADIATION FLUENCES

EXPECTED MAXIMUM MISSION FLUENCE

ELECTRONS
maximum
fluence
energy particles/cm
.3 MeV 1.9 x 104
1.0 MeV 6.3 x 1013
Total Fluence 2.53 x 1014
PROTONS
maximim
fluence
energy particles/cm
'2.0 Mev 2.0 x 10%2
30 MevV 1.6 x 1012
48 Mev 2.0 x 1012
12
Total Fluence 5.6 x 10

Ix 1012 electrons/cm2

4 x 1014 protons/cm2
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Results of the experiments show that no decrease in the EBIC gain
or long-term charge storage properties was observed. . Also, there was no
measurable change in the surface potential of the film. This indicates that
the ESC should have Sufficieﬁt radiation resistance to survive the Jupiter
orbits, although further radiation studies atllarger proton fluences are needed

to confirm this.
5.3.5 SLOW-SCAN VIDICON

Targets for these vidicons are made from a variety of materials,

so no general results can be inferred.

(22)

One short study done by JPL evaluated the radiation resistance

of a GEC Selenium-Sulfur vidicon, a slow—scan_vidicon used on Surveyor.
Irradiations were performed at fluence levels of 2 x 1012, 1x 10;4, and

1 x 1015 electrons/cmz. The electron energy was approximately 2 MeV. At

the increasing fluences, there was increasing video distortion immediately
after irradiation. However, this decreased with time, and even at the most
severe level, all the electrical parameters and the video had returned to
normal after‘two days. No permanent damage was obsgrved until the final
irradiation at 1 x 1015/cm2. The glass envelope (but not the quartz faceplate)

exhibited some browning, and radiation-induced crystallizatiom had‘caused

some blemishes in the target.
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Unfortunately, this study is not broad enough to draw any general
conclusions. It uses only one test sample and does not study the effects of

proton bombardment, which are expected to be more severe.
5.3.6 CONCLUSIONS

There is insufficient experimental evidence available to completely
categorize the susceptibility of the various targets to radiation damage. This
points out a need for more radiation studies on these devices, particularly

in view of the increased proton fluences predicted near Jupiter by the BKTC

model.

However, a general grouping of these devices in order of increasing
susceptibility to radiation damage can be made on the basis of each mode of

operation,

. Least Susceptible: SEC and SiO2 vidicons, and ESC.
These devices use an insulating film to store the image
until readout. The only degradation expected is due to
the discharge of the target during long storage periods or

in peak radiation enviromments.

] More Susceptible: SIT vidicon, ICCD.

These devices have semiconductor-array type targets with a
photocathode. Since these targets have lower back resistance
than the insulating films, they are more prone to discharge or
increased dark current. Although they also suffer some loss

of quantum efficiency during and immediately after exposure
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to ionizing radiation, the quantum efficiency of the
photocathode is unchanged and the overall sensifivity-is

not reduced.

. Insufficient Data: RBV and CCD.

Aithough there 1s no information‘oh the performance of
the RBV or CCD during and,affer exposure to radiation,
these devices both have photoconducting targets which
may be susceptible to increased dark current and loss
" of quéntum efficiency. This effect has been reported
in other vidicons with pﬁotoconductive targets, namely

the SSV and the silicon vidicon.
5.4 DISCUSSION.OF RELIABILITY
5.4.1 RELIABILITY ASSESSMENT

A complete reliability analysis ofla large system requires large
amounts of performance data, especially when nonstandard phrts such as imaging
tubes are used. Typicélly, such a system would be run for a long period of
tiﬁe, with careful count kept of the number of component faiiures. -The mean
time before failure (MTBF) of such a system can be calculated from

2TT

MTBF = -
x* [N, + 1) ()]

(5-1)
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where

TT = total system test time

NF = total number of failures

Pc = desired confidence level of MIBF

xZ = chi-square value of 2§ _+ 1 degrees of freedom

at confidence level F..

A lower limit on the MIBF could be calculated by substituting

[1 - Pc] for P in the denominator.

The reliability of the system would then be calculated from

t
[

~ MTBF
R=e¢e : (5-2)

where to is the desired operating time of the system.

In a large system, the MIBF can be estimated using the known failure
rates of standard electronic parts. To accomplish this, the system is broken
successively into smaller subsystems for which the MTBF can be individually
calculated. On nonstandard parts, an estimate is made based on the best
available data. The estimated MTBF is then computed for each block, and its
reciprocal, or failure rate, is calculated. The failure rates of the individual

blocks are then summed, and the reciprocal of this sum is the estimated MTBF of

the entire system.

66



The level of effort of this particular study is insufficient to
cope with the large amounts of data needed to provide this information. A
qualitative evaluation of each device will be made instead, followed by a

breakdown of device types in order of overall expected reliability.
5.4.2 CANDIDATE CAMERA SYSTEM RELIABILITY

Good radiation resistance and long storage time can be expeqted
from the SEC camera. No tape recorder or data buffer is needed, no special
cooling equipment is required, and in some cases image motion compensation
can be applied electronically. Space-qualified tubes are available and the
sensor has flown on many missions. Térget structures have been improved
especially in the area of target burn resistanée. The SEC tube should

be gquite reliable.

The SIT camera has only fair radiation resistance. This camera
syatem will require either a tape recorder for image storage or a special
cooling system for slow-scan operation. On the plus side, space-qualified
tubes with ceramic envelopes are available. IMC can most likely be applied
electronically. Even with the tape recorder option, the reliability should_be

good for a three-year mission.

The radiation resistance of the silicon vidicon is questionable,
due to the loss of gquantum efficiency and the increased dark current caused
by irradiation that was reported in the JPL studies. It requires either a
tape recorder or cooling apparatus. Also, it needs mechanical image motion
compensation and a mechanical shutter since it has no photocathode. The overall

reliability is fair.
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An internal.storage capability and long storage time is the big
advantage of the ESC camera. It can expose and internally store many pictures
in a short interval of time without a tape recorder. It does not require
mechanical IMC or special cooling equipment. The basic tube will have a
mechanical rotating drum to provide multiple frame storage. Although the
basic tube has a higher parts count than most other image tubes, the reliability
should be better than most other sensor/tape recorder combinations. Although

the ESC is still in the development stage, the overall reliability should be good.

Since it is much less complex than any of the other cameras, the
CCD camera needs much less instrumentation to operate and requires less power.
A buffer or tape recorder is needed for storage, however, unless the device is
cooled, The ICCD does not need mechanical IMC, while the CCD alone does. Both
devices should have high réliability, but they are still in the experimental

stage L]

The radiation resistance of the SSV camera remains questionable,
as no thorough studies have been made. Space—qualified tubes have been used
on many missions. Mechanical IMC is needed, and the use of certain photo-
conductors would require cooling equipment. The reliability would be very
good except that the factor of unknown radiation resistance reduces it to

the fair-to-good level.
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fhe return beam vidicon is.spacé-quaiified and ié currently being
flown on the Earth Resources Technology Satellite. The RBV's photoconductor
may be susceptible to the radiation environment, however. A thermal control
system or tape recorder, mechanical IMC, and mechanical shutter are required.
While the reliability of the basic tube is éood, therqombined overall systém

reliability for this mission is reduced to the fair level.

The silicon dioxide vidicon is still being developed but should
closely resemble the SEC vidicon from a reliability viewpoint when operational.
The device should be quite reliable because of its good radiation resistance
and simple construction. No tape recorder, coﬁling equipment, or mechanical

IMC will be required.
5.4.3 CONCLUSIONS

Only a qualitative assessment relating the comparative reliability
of the candidate sensors is possible until specific auxiliary hardware is
selected. Items such as tape recorders, special thermal control, image motion
‘compensation mechanisms and mechanical shqtters.can have ‘a great impact on
reliability figures. From a radiation‘and reliability standpoint, the SEC
tube, silicon dioxide vidicon, and charge-éoupled imaéer; should rate high.

The SIT vidicon and ESC systems shoqld have good reliability. The reliability
of the RBV, silicon vidicon and slow-scan vidicon systems will range from good
to fair, depending on the auxiliary equipmént requirements and the amount of

shielding provided.
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SECTION VI

IMAGE MOTION ANALYSIS

6.1 INTRODUCTION

The purpose of this section is to determine the performance
limitations of the candidate sensors resulting from the rotation of the
spacecraft and to establish the extent to which the performance of these

sensors can be improved through the use of image motion compensation.

The conclusion is that without image motion compensation, the
peak-signal-to-RMS noise of all the selected sensors is tooc low for satis-
factory performance on the Jupiter orbiter mission. With IMC, however,

several of the sensors exhibit acceptable SKNRs.

6.2 PERFORMANCE ANALYSIS OF IDEAL SENSORS

v

The output signal-to-noise ratio of any sensor is a functiom of
many parameters. Due to differences In construction and operation, the
output signal-to-noise ratios for various sensors under the same output
conditions may be quite different. There is, however, an upper limit to
the signal-to-noise ratio (SNR) value that can be obtained. This upper
(quantum) limit is only a function of the irradiance from the scene, the
sensor optics, the exposure time, the pixel size, and the responsivity of
the sensor. |

To derive an expression for the quantumrlimited.signal-to—noise
ratio of an ideal camera, begin with the definition of the output éignal of
a camera as given in equation (3-23). There, the output signal is defined
as 2M0TS(K)Ii’ where MO is the scene modulation, Ii is the camera output
current, and TS(K) is the camera system modulation transfer function. The

ideal camera causes no signal degradation so TS(K) = 1. The quantum
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noise associated with this signal is defined as v I. » 80 the signal-to-
i

noise ratio of the ideal camera, in general terms, becomes ZMOIi.//Ii

or 2M v I .
o i

This expression can now be expanded in terms of the camera para-
meters and the scene irradiance. The camera output current I;sin amps, is
equal to the product of the flux density at the photocathode ch times the
responsivity RD of the photocathode. The scene flux incident on the camera
lens is related to the flux at the photocathode by FL = 4f2ch, where f is
the focal ratio of the camera lens. Since f i3 a pure number, the product
FLRD/4f2 gives the current density (at the target) in amps/mz. Since an
ampere is a coulomb per second, multiplying by the exposure time te gives
the total coulombs/m2 per exposure. If the area of each resolution element
is A square meters, multiplying the expression by this factor gives the
coulombs/resolution element accumulated during the exposure. And finally,
dividing by the electron charge é in coulombs gives the number of electrons

available from each resolution element per exposure for an ideal camera.

The quantum-limited peak-signal-to-RMS-noise ratio (SNR) of an ideal
camera then becomes:

AFL%tEJ%

SNR = 2M0[—-Zl»_e—f?— (6—1)

In obtaining this expression, the assumption is made that there are
no transmission losses within the optics, that there is no degradation in
the signal due to the response of the sensor (TSEN(K) = 1), and that there is

no degradation in the signal due to image motion.
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6.2.1 SNR DEGRADATION DUE TO IMAGE MOTION

Several types of image motion can reduce the performance of a
sensor. Linear motion, random motion, sinusoidal vibrations, and parabolic
movement all result in a "smearing'' of the image during exposure. This
smearing degrades the output signal of the sensor. The relative magnitude

of the various motions are discussed below.

6.2,1.1 Motion of the Spacecraft Relative to Jupiter - The most obvious

motion iIs that of the entire spacecraft with respect to the planet'é surface.
This is comprised of the rotational speed of the planet, the velocity of the
spacecraft, and the inclination of the spacecraft orbit to the planet's

equator. The worst case occurs when the spacecraft is in an equatorial orbit.

Using the 2.29 X 45.13 R, orbit as an example, the spacecraft orbit

(23)

period is 14.222 days The average spacecraft velocity over the elliptical

orbit is given by

4aOE0(eo,n/2)

v = (6-2)
TO

where éo is the length of the semimajor axis, Eo(eo,ﬂ/2) is the value qf the
complete elliptic integral of the first order, and e, is the eccentricity of
the orbit. For the 2.29 X 45.13 RJ orbit, the average velocity is 6.43 km/sec,

while the velocity of thé spacecraft at periapsis is

v
P

38.41 km/sec, or

w 2.349 x 1074 rad/sec.

P

The planet Jupiter has a rotational perlod of 9 hours, 55 minutes and
30 Seconds(za). This 1is equivalent to an angular velocity of 1.759 x 10-4

rad/sec. Since the spacecraft orbit is direct, the total relative angular
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velocity of the spacecraft with respect to the planet Jupiter at periapsis is

_ -5
Deopr = 5.9 x 1¢ rad/sec.

The image smear due to this relative angular velocity can now be
calculated. Assuming a 400-mm focal length, a 1.0-msec exposure time, and

a 17.5 x 17.5 mm target with 700 pixels on a side, the amount of image smear

is given by
w t
smear = (—25€ ) 4 (6-3)
8 P
v
where
8 = 2tan L (6=4)
v 2F
and
nP = the number of resolution elements
Gv = the field of view

% = image format size

The amount of image smear is 1.35 yrad, which is equivalent
to 9.5 x 10—4 pixels. Since we can tolerate over 1/2 pixel smear, this

amount of image smear can be neglected without compromising the resolutiom.

The motion of the entire spacecraft with respect to the planet's
surface results in linear image motion. Linear image motion also arises
whenever the relative movement between the object or scene and the viewing

system is linear as a function of the exposure time.

6.2.1.2 Spacecraft Rotation - The spin-stabilized spacecraft will be

rotating on axis at a fixed speed of 2 to 32 rpm. This is equivalent to
angular velocities of 0.21 to 3.35 rad/sec respectively. Using the system
Parameters of the previous example, the corresponding angular smear values

range from 0.21 to 3.35 mrad. For a 1.0 msec exposure time, the image
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smear ig from about 3.4 to 54 pixels. At a nominal spin rate of 5 rpm, a
smear of approximately 8.4 pixels results 1f we do not compensate for the

motion.

An image motion compensation system 1is neéded to reduce the smear
to a tolerable level (0.5 to 1.0 pixel). The effectiﬁeness of the IMC
system depends on many factors including the type of IMC system selected, the
type of motion present, and the method of measuring the motion. Currently
available IMC systems provide compéﬁsation for about 90% of the horizontal
relative motion between the sensor system and the planetary scene(zs).
Additional development could result in IMC systems which would compénsate for

99% of the relative motion. In this study, a 90%-effective IMC system has been

assumed whenever IMC is employed.

With a éo%éeffective IMC system, the uncompensated smear of 8.4
pixels, resulting from a spacecraft rotating at 5 rpm, will be reduced to
0.84 pixels. As spin rates increase, the smear soon becomes e#cessive. Either
the exposure time must be shortened or a more effective IMC system must be

utilized at the faster spin rates.

Both mechanical and electronic IMC systems are feasible. Generally
the amount of smear is small compared to the size of the raster, so that
compensation can be readily applied using electronic IMC techniques, provided

that the amount of correction required is accurately known.
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Cne of the simplest methods 1s to preprogram the IMC from the
ground to compensate for the smear. However, this means that the speed of
rotation has to be exactlylthat calculated., A more complex method would
involve using a star tracker to check the speed of rotation. This could
be accomplished with the image tube itself as it pointed away from Jupiter,

or with the sensor currently employed on Piloneer for roll reference.

When the camera is pointed normal to the spin axis of the
spacecraft (which is the condition assumed for calculations in this study),
the image motion caused by spacecraft spin rate is essentially a linear
function of the short exposure time required. A single-direction IMC system
can generally compensate for this apparent motion. If the camera is pointed
in a forward-oblique direction to the spin axis, the image motion becomes
more complex(26). It is no longer li;ear because a rotary component of
motion is added. The net image motion (or image velocity) is a quadrgtic

function of the frame coordinates(27). A two-direction IMC system must be

employed to compensate for this type of image motion.

6.2.1.3 Flatform Motion ~ Another source of image motion is random

vibrations of the sensor mounting platform. These are often due in part to
the limit cycles in the IMC servo system and spacecraft attitude control,
In addition, any moving part on the spacecraft will cause some jitter at

the sensor. Typical values for the RMS platform unsteadiness are given as
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(28) 4

between 50 and 500 arﬁ—seconds per second , corresponding to 2.4 x 10
to 2.4 x 10_3 rad/sec. This larger value results in a 0.04 pixel smear for

the conditions given in paragraph 6.2.1.1 above.

6.2.1.4 Conclusions — The spin motion of the spacecraft is the only
significant component of image motion, and the only compoment that will
cause any appreciable smear. For the nominal values given, 90%-effective

IMC would reduce the smear to less than one pixel.

6.2.1.5 Image-Motion Transfer Functions - The reduction in ocutput

signal due to the linear image motion can be taken into account by introducing
a transfer function, TIM(K), into the mathematical expression for the output

signal of the semsor. This is

S under image - TIM(K)Sunder no image
motion conditions motion conditions
As discussed in the section on Camera Modeling, the transfer function
for linear image motion can be expresséd as

51n(ﬂAmK)

TIM T TTA K - (6-5)
m

where Am is the magnitude of image motion relative to the sensor's faceplate
during the exposure time. It 1s assumed that the camera is pointed normal to

the spin axis of the spacecraft for these analyses.
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Am is given by

A = Fu t (6-6)
m s e
where
F = focal length of the lens
w, o = spin angular velocity
te = exposure time

As can be seen from Equation (6-5), increasing the spin rate,
exposure time, focal length, and spatial frequency all result in decreasing

values of TIM.

By combining equations (6-1), (6~5), and (6-6), the mathematical
expression for the quantum~limited peak-signal-to-RMS noise ratio (SNR)

under image motion conditions becomes

Mosin(ansteK) [AFLRD]%

mFw Kf et (6-7)
s e

SNR =
6.2.2 OPTIMIZATION OF EXPOSURE TIME

Equation (6-7) suggests that for a fixed spin rate, focal length,
F-number and spatial frequency, an exposure time exists at which an optimum

SNR (using no image motion compensation) can be obtained.
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By taking the derivative of equation (6-7) with respect to te and
setting it equal to zero, the value for this optimum exposure time can be
determined. Setting the derivative equal to zero results in the following

expression:

opt
opt tan(ﬂFmsKte )

e  21Fw K
. s

t (6-8)

This equation is satisfied when

t = seconds

The correspondiné value for TIM(K) is 0.79 which in turn corresponds
to a smear of 0.74 pixels;
6.2.3 PERFORMANCE OF "IDEAL SENSORS" UNDER NO-IMAGE-MOTION-COMPENSATION
CONDITIONS
Using the results of the analysis described above, the optimum SNRs

for three types of ideal sensors under no-IMC conditions were calculated as

a function of spin rate. The three types of sensors were:

L Sensors using an $-20 photocathode
® Sensors using a silicon photoconductor
L] Sensors using an ASOS photoconductor
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In making these calculations, the "worst-case" conditions at
Jupiter (1.3:1 input contrast, 60° phase angle) were used. Also, a lens

with f = 4 and F = 400 mm was chosen.

The results of these calculations are presented in Figure 6-1. 1In
this figure, the optimum SNRs of the three sensors are plotted as a function
of spin rate for a resolution of 10 lp/mm. Some of the optimized exposure

times used in obtaining these SNRs are also presented.

In order to obtain larger SNRs from these sensors under the

conditions described abgve, image motion compensation must be used.

6.3 PERFORMANCE ANALYSIS OF SELECTED CANDIDATE SENSORS UNDER NO-IMAGE-
MOTION-COMPENSATION CONDITIONS

An analysis similar to that described for ideal sensors was
performed using the sensors which were selected for gtudy in this program,

Specifically, this analysis was performed using the detailed peak-signal-to-

RMS-noise models developed for the

SIT Vidicon

SEC Vidicon

5i0y Vidicon

Intensified SEC Vidicon

Silicon Vidicon

Intensified Silicon Vidicon

Slow Scan Vidicon

Intensified Slow Scan Vidicon
Return Beam Vidicon
Electrostatic Storage Camera (ESC)
Charge Coupled Device

Intensified Charge Coupled Device

(See Appendix A for detailed descriptions of the signal-to-noise
models)
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This analysis took intec account such factors as:

] Modulation Transfer Functions of sensor components
] Readout Efficiencies
. Noise sources other than the quantum noise which

contribute to the overall output noise of the sensors.

» Effect of image reconstruction on the signal~to-noise
ratio.
6.3.1 OPTIMIZATION OF EXPOSURE TIME

As in the case of ideal sensors, there exist exposure times for
these selected (real) sensors at which the output signal—to-noise ratios
are maximum. To determine these optimum exposure times, an approach similar

to that described in Section 6.2.2 was used.

All of the signal-to-noise models developed for the selected

sensors take the general form

sinBte
A )
*SNR = . (6-9)
[c + Dln(Ete) + Fte]

where A, B, ... F are independent of the exposure time, te.

*Note that D = 0 for all sensors except the charge-
coupled and intensified charge-coupled devices.
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By taking the derivative of Equation (6-9) with fespect to te and
setting it equal to zero, the expression for the optimum exposure time takes

the form

28 °P° [c+Din(Ee PF)4Fe PF] = [D+Fte°pt][thn(BtE°Pt)] (6-10)

Having established values of B ... F, the optimum value for te is

the value for which this equation 1s satisfied.

In many of the cases étudied, it was found that (6-10) could be
simplified. Of course, for all the sensors except the CCD and ICCD, (6-10)

reduces to
2B[G+Fte°pt] - Ftan(BtEOPt) (= 0) (6-11)

In addition, for those cases where Fte >> G, expressién {(6-11)
can also be simplified to

' opt
opt tan(Bte )

te = 2B ) (6-12)

The quantity B 1s the constant multiplying the exposure time

in the expressién for the transfer function associated with image motiom.

i.e., B = meFK : ‘ " {(6-13)
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opt’ the same as that obtained for the ideal

This expression for tE
sensor [expression (6-8), Section 6.2.2], results in an optimum exposure

time of 0.37/mSFK seconds and a corresponding smear of 0.74 pixels,

In cases where those noise terms that are not a function of exposure

opt

time predominates (C >> Dln(Ete ) + FteOPt), expression (6-10)} reduces to

the form

2BCt opt
e

= tan Bte°Pt (6-14)

In those cases where C predominates, 2BCte0pt

/(D+Fte°pt) is generally
much greater than 1. Under those conditions,‘Equation (6-14) is satisfied by
values of Bteapt approaching m/2. By substituting Equation (6-6) for Am’ and
Bte -+ m/2 inte Equation (6~5), TIM(K) becomes

1. (K) = §i%£££gl = 0.64 (1 pixel smear). (6-15)

6.3.2 RESULTS OF PERFORMANCE ANALYSIS OF SELECTED SENSORS UNDER NO-
IMAGE-MOTION-COMPENSATION CONDITIONS
Using the detailed signal-to-noise models for the selected sensors
and the corresponding optimum values for the exposure times, the performance
of these sensors under no-IMC conditions was determined. As in the case of
the ideal sensors, worst-case conditions of 1.3:1 contrast, 60o phase angle

were used along with a lens with f = 4 and F = 400 mm.
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Figures 6-2 and 6-3 show the results of this analysis. In Figure
6-2, the optimum data link peak-signal-to-RMS noise-ratios are plotted as
functions of spin rate for a resolution of 10 1lp/mm, In Figure 6-3, the
optimum-peak—signal—to-RMS-noise ratios in the reconstructed images are blotted
for the same sét of conditions. Table 6-1 gives the optimum exposure times aﬁd

the corresponding values of TIM(K)‘used in this analysis.

To obtain the .plots in Figure 6-3, the following relationship was

used:

} 1y | - |
SNRRgconstructed - (Ak{Ab) (SNRData link) (6-16)

where
: Ak = area of resolution element
Ab = area of read beam and recording beam

( (® =1

The encoding, transmitting and recording processes will result in
somewhat lower SNRs in the reconstructed images. However, until the
characteristics of the telemetry and recording equipment are known, the

extent to which these SNRs are degraded cannot be determined.
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TABLE 6-1
OPTIMUM EXPOSURE TIMES AND CORRESPONDING
11M(K) VALUES USED IN PERFORMANCE ANALYSIS

4
Sensor Spin Rate (rpm) ~ Exposure Time (sec x 10 ) &
SITV 2 4.4 0.79
ICCD 4 2.2 0.79
RBV 8 1.1 0.79
16 0.55 0.79
32 0.275 0.79
510 2 hob 0.79
2 4 2.3 - 0.77
8 1.18 0.76.
16 0.6 0.75
32 0.32 0-72
SECV 2 5.1 0.72
4 2.65 0.70
8 1.4 0.67
16 0.71 0.66
32 0.363 0.65
ESC 2 4.6 0.77
4 "2.35 0.76
8 1,2 0.75
16 0.64 0.72
32 0.33 0.70
CCD 5.93 0.64
4 2.97 0.64
8 1.48 0.64
SILV 2 5.9 0.64
4 2.96 0.64
8 1.47 0.64
ISILV 8 1.15 0.77
16 0.58 0.77
32 0.3 0.75
ISSV 4 2.6 0.71
8 1.34 0.70
16 0.7 0.67
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In making this analysis, the capability of the various sensor
targets to utilize the total charge delivered to them during these exposure
times was also considered. In several cases, it was felt that if the total
charge assoclated with a given optimum exposure time was delivered to a
particular target, an unrealistic shift in target potential would result.
Consequently, certain upper limits were placed on the exposure times of the
candidate sensors. The maximum allowable exposure times for each sensor

were

Sensor Maximum Exposure Time (sec)
RBV, SSV 1x 102
510,, ESC 5 x 1073
SILV, CCD 3x 103
SITV, ICCD 1x 1073
SECV 6 x 1072
155V | 4.5 x 1074
ISILV : 1.5 x 1072
ISECV ' 2 x 107°

The dashed~line portion of the curves presented in Figures 6-2 and
6~3 indicate those regions where the maximum allowable exposure times

(rather than the optimum exposure times) were used in determining the SNRs.

The low SNRs obtained for all the sensors in this analysis clearly

point out the need for image motion compensation.
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6.4 PERFORMANCE OF SELECTED CANDIDATE SENSORS UNDER COMPLETE-IMAGE-
MOTION-COMPENSATION CONDITIONS
The smear due to image motion can be greatly reduced by using image
motion compensation (IMC). Mechanical methods of IMC, toggiing mirrors or
Vimage plane motion, can berused with any of the sensors being studied in
this program. In those sensors ﬁavingla photocathode and an image sectiom,
IMC can also be achieved by electronically shifting the "electroﬁ image"
within the image section during exposure. Two-&irection IMC can readily

be supplied using the electronic method.

Regardless of the method used, IMC allows the use of longer exposure
times, Where target capacitance permits, longer exposure times result in
larger SNRs. This fact is illustrated in Figures 6-4 and 6-5. Here, the
data link SNR and reconstructed SNR for the selected sensors are plotted
as functions of exposure time for a résolﬁtion of 10 1lp/mm. As in the case
of the analysis performed under no-IMC conditions (Section 6.3.2), the
worst-case conditions of 1.3:1 contrast, 60° phase angle and a lens witﬁ f=4
and F = 400 mm were used. However, unlike the analysis described in Section

' 6.3.2, this analysis set TIM(K)-= 1 (complete image motion compensation). The
maximum allowable exposure times, determined on.the basis of target‘capaqitance,

are the points at which the plots for the various sensors end.

For algiven exposure time, the amount of image @otion compensation
required for complete compensation is a function of Béin rate and the focal
length of the lens. Figure 6-6 shows the amount of IMC requiréd as a function
of exposure time for the resolution presented In Figures 6-4 and 6-5 and for
various spin rates. As in all these analyses, a lens with £ = 4, F = 400 mm -

was used.
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Te illustrate the use of these graphs, consider a case where the

following conditions and sensor specifications are given:

Input Contrast Ratio 1.3:1

Phase Angle 60°

Optics f=4, F= 400 om
Resolution 10 lp/mm

Sensor Electrostatic Camera (ESC)
MC ves

Required data-link SNR 15

Figure 6-4 shows that in order to achieve a data-liuk SNR of 15
under these conditions, an exposure time of approximately 1.45 milliseconds
(pt. A) 1is required. Figure 6-6 indicates that the corresponding amount of

IMC required is approximately

2.45 pixels if the spin rate is 2 rpm {pt. B)
4.9 pixels if the spin rate is 4 rpm (pt. C)
9.8 pixels if the spin rate is 8 rpm (pt. D)

Many tradeoffs are possible that could be used to optimize camera
system performance. Factors such as the spin rate, the effectiveness of the
IMC, the resolution, the exposure time, and optical lens parameters may be
weighed against each other. Therefore, considerable flexibility is available
to minimize image motion when it is more pronounced, such as when the viewing

angle 1s not normal to the spin axis.
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SECTION VII
WORST-CASE ANALYSIS, COMPARISON OF

CAMERAS, AND SELECTION OF BEST SYSTEMS

7.1 INTRODUCTION

The objective of this task is to select from the candidate
systems the most promising frame imaging systemé to be used on spinning
platforms for long-term space missions. The selection is based upon the

results of all of the previous analyses.

In order to properly evaluate the candidates, more specific
requirements and selection criteria must first be established. 1Im this
way systems are compared and measured against mission constraints and per-

formance requirements.

The results of exerciéing the analytical models of the candi-
date systems using worst-case conditions are presented. Aerial image modulation
(AIM)‘éurves showing the different frame imaging systems under identical‘
worst-case conditions are gi&en with the effecfs of spin rate superimposed.
The signal-to-noise ratios for the can&iéate systems at the data-link and
for reconstructed images are presented as a function of spatial frequency.
Sensor resolution is shown as a function of exposure, and otﬁer relation-

ships of interest are developed.
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Finally, each candidate sensor system is examined in detail,
and three systems are selected for additional analysis for the specific
Jupiter orbiter in Section 8. The reasons for acceptance or rejection of
each sensor have been identified. The systems selected for additional analysis
are the SEC vidicon, the electrostatic storage camera, and the intensified

charge—coupled device.
7.2 SELECTION CRITERIA AND REQUIREMENTS

In order to properly evaluate the candidate camera systems, specific
mission requirements based on worst-case conditions and other study constraints
will be established. The selection criteria will be based on these mission

constraints and desired performance requirements.
7.2.1 STUDY CONSTRAINTS

The preliminary screening analysis to select the best camera

systems will be based on the following constraints:

. The analysis is limited to the planet Jupiter,

) A worst-case phase angle of 60° is to be used,

. A worst-case contrast ratio of 1.3:1 is to be
used,

. The mission duration is approximately 3 years,

® The study is limited to frame imagers, and
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™ A surface resolution at Jupiter is 100 - 300 km
for full disk images, 10 — 15 km for nested frames
with limited coverage,:and 10 - 15 km for satellite

images.

The constraints resulting from spacecraft limitations are:

] The weight of the imaging system is limited to
18 kg,
] Spin rates of from 2 to 32 rpm are to be considered

for a spin-stabilized system as typified by

Pioneer F/G,

] Imaging systems withllong target storage are
desirable so that data can be transmitted with-

out ancillary storage equipment,

] Image-motion-compensation systems are
undesirable because of reliability considera-
tions, but will not be precluded from the

study, and .

] Data rates from Jupiter may be ﬁs low as
2048 bits/sec and as high as 83,220 bits/sec
depending on spacecraft telecommunications
equipment. A nominal value of 16,384 bits/

sec is the most likely to be implemented.
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7.2.2 PERFORMANCE REQUIREMENTS

The performance requirements to be used as study parameters have
been established during a meeting between NASA and the contractor at the
start of the study. The TRW Systems Group Report No. 20406-6004-R0O-00, Study
(2)

of Follow-On Pioneer Missions to Jupiter , Was offered as a guide in

establishing performance requirements and system parameters. A specific Jupiter
orbiter with encounters with three satellites (2.3 x 45.1 Rj orbit) was selected
as the mission to study in detail after completion of the worst-case parametric

analysis and the camera selection.

7.2.2.1 Imaging Requirements — Specific requirements for an imaging

experiment will vary subatantially, depending on the actual objectives of the
investigation being conducted. However, certain imaging requirements, such as
the minimum desired resolution, the field of view, and the allowable smear,

can be anticipated for the purpose of performing this study.

The surface resolution for viewing Jupiter is on the order of 10 km
to 300 km. This fulfills the need for wide coverage over ‘extended periods of
time to view dynamic processes, as well as nested pictures showing full-disk
coverage to close-ups at periapsis. A resolution of 200 km would require a

camera system with a format of 700 elements to obtain full-disk coverage.

In viewing the satellites of Jupiter, the requirements differ. Static
objects are to be observed at as high a resolution as possible. Surface
resolution better than 10 km is required for viewing the satellites and only

a narrow field of view is needed. Thus the desired field of view of the
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1maging experiments range from about 0.1 to 5 degrees.

_7.2.2.2. ‘ Image Smear Constraint — When imaging from a spin-stabilized

spacecraft, the linear image motion caused by the spiﬁ rate generzlly predomin-
ates the other motions. The displacement of the image is linear as a function
of time for the short exposure time required. For a three-axis stabili;ed
system operating ;t longer exposures, random motion due to platform unsteadiness
is generally the dominant angular motion. Linear motion due to the rapid rota-
tional rate of Jupiter relative to the camera is also significant at lower

altitudes.

From earlier discussions, we recall that the transfer function for

 linear motion is given by

51n(ﬂAmK)
7A K
i

T(K) = (7-1)

where Am is the magnitude of uncompensated image motion in the image plane,

and Kris the spétial frequency. This function was shown in Figure 3-1.

The TRW report suggests 60% of é resolution element {(pixel) as a
smear criterion. This is equivalent to a transfer function having a value
of 0.85. Other reports suggest a Scene motion of one pixei, which corresponds’
£o a transfer function value of 0;64. An attempt was made in Section 6 to

select a smear criterion based on the optimum exposure time Tequired for each
sensor, On this basis, a response of 0.79 was obtained, corresponding to smear

of about 74% of a pixel.

In the worst-case parametric analysis, the degradation due to
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image motion is handled more meaningfully as a modulation transfer function.
It is combined with other transfer functions to form the available aerial
image modulation curve which establishes the system performance limits (see

Section 3.4).

7.2.2.3 Data Transmission Requirements - As stated, data rates for the

mission will range from 2048 to 83,220 bits/sec, with 16,384 bits/sec used
as the nominal rate for a framing camera at Jupiter. The telemetry rate impacts

sensor design through the video bandwidth, B. This is given by

o

= L
B = 7g

where g is the digital encoding precision and br is the bit rate (bits/sec).

For a nominal 700-line picture with 6-bit encoding, about 3 x 106
bits of information must be transmitted. At the 16,384 bit/sec rate about
three minutes per picture are required for transmission to Earth. In order
to read out this quantity in real time, slow-scan techniques must be employed.
The resulting video bandwidth is about 1300 Hz, which will be used in the

subsequent parametric analysis for slow-scan operation.

For a selected digital encoding precision, it 1is desirable to
maintain a signal-to-noise ratio which is efficient to encode and at the same
time is not affected by the SNR of the encoder. 1In other words, if the SNR is
lower than the number of gray levels, the result is a waste of encoding precision.
However, if the SNR is greater than the number of gray levels, the encoding

Steps cause discrete contrast levels to be seen in the picture, resulting in

"quantizing noise". Six-bit encoding has been used in this study as a compromise
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between these two conflicting criteria. This is equivalent to a dfnamic range

of 64 gray levels.
7.2.3 PRACTICAL SYSTEM PARAMETERS

The practical limits for the optical system parameters are set by
the total image systeﬁ weight constraint of 18 kg (40 1b). Since the mass of
the optical system varies roughly as the square of the aperture diameter, the
weight becomes substantial for apertures of 150 mm (six inches) dr larger,
ﬁarticularly as focal lengths increase. Estimated weights for typical

(2)

catadioptric systems,based on the density of quartz, are given in Table 7-1.

Although aperture diameters of up to 150 mm appear to be reasonable,
a nominal diameter of 100 mm was selected for the worst-case parametric anaiysis.
A focal length of 400 mm was selected, giving a nominal f-number of 4.0. Any
aperture ratio between 2.0 and 8.0 could probably be used, depending on the |

‘spacecraft spin rate.

TABLE 7-1

WEIGHT OF CATADIOPTRIC SYSTEMS
Focal Length | Aperture Dié. £/ Weighf
400 mm © 100 mm 4.0 | 2.3 kg
150 2.6 | 5.4
200 2.0 | 9.5
600 mm 75 8.0 | 3.6
100 6.0 | 4.1
150 4.0 | 8.6
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7.2.4 OFTHER REQUIREMENTS

The selection criteria for the best imaging systems must be based
on other requirements in addition to those discussed in this section. The
relative reliability and radiation resistance of the sensors must be considered.
The technological problem areas and possible additional equipment needs, such
as cooling apparatus, data storage equipment, and image motion compensation

devices, will also influence the selection process.

7.3 WORST-CASE PARAMETRIC ANALYSILS

Models of the various sensors will be parametrically studied imn this
section using worst-case conditions. Because of the large number of parameters
involved, it has been necessary to select nominal values for several variables
to keep the study within reasonable bounds. For example, only a lens system
of 400-mm focal length with a 100-mm aperture diameter was studied, and
exposure times wefe limited to several reasonable values. Specific camera para-

meters such as the beam diameter and component MTFs were fixed. A beam
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diameter of approximafély 20 microns‘waS'selecéed for most devices to achieve
performance results consistent with existing camera systems.. The full visible
spectrum was used, 0.3 p to 0.95 u. Electrostatic focusing was assumed wherever
applicable. However, during the detailed analysis, electromagnetic focusing

and additional camera variables will be considered.
7.3.1 AERIA], IMAGE MODULATION CURVES

The available aerial image modulation curves in Figure 7-1 show
the effect of varying the sﬁin rates at an exposure time of 0.0001 seconds
for both high and worst-case contrast ratios (1.3:1). An optical system with
a 4007mm focal length and an f£/4 aperture ratio is used. The availablé éerial
- image response is plotted versus spatial frequency, as well as versus angular

resolution.

As indicated in Equation (3-42), the available aerial image modula-
tion consists of the product of the modulation transfer functions of the lens
system,‘the linear motion due to spacecraft spin, and the scene moduldtion
(due to the contrast). 'These combine to establish the performance limit
at which the camera system. can_operéte. Note in Figure 7-1 that for a combination
of a 5 rpm spin rate, a contrast ratio of 1.3:1 and a resolution of 20 cycles/
mm, a maximum modulation of 0,094 is available. At 10 rpm, this modulation is
reduced to 0.025, représenting a substantial reduction in potential performance.
The zero-rpm curve represents the méximum available aerial image modulation
that can be obtained at any spin rate if a perfect image motion compensation

system is employed.

‘Figure 7-2 shows a family of available aerial image modulation

curves for 0.0005 sec exposure time. The effect of increasing the image
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smear is apparent when the two graphs are compared. At 2 rpm, the response
at 20 cycles/mm has already dropped to 0.025. Operation of the camera system
at spin rates faster than 4 rpm without IMC would limit performance to 10

cycles/mm at this exposure.

Referring to the resolution relationships shown in Figure 3-5,
we can determine the actual ground resolution from the spatial frequency.
‘'For example, at a spacecraft distance of 20 R.J

10 cycles/mm (using a 400-mm focal length system) can be translated into a

s @ spatial frequency of

ground resolution of 200 km/pixel.
7.3.2 CANDIDATE SENSOR AIM CURVES

Threshold modulation curves for thelcandidate sensors based on the
signal-to-noise ratio at the data link are given in Figures 7-3, 7-4, and
7-5 for different exposure times. Available aerial image modulation curves
are superimposed. The bandwidth of 1300 Hz corresponds closely to the
average data rate of 16,384 bits/sec. Actually, the data rate will range
from about 2,048 to 83,220 bps. In order to compare the candidate sensors
at the same bandwidth, it is necessary to cool the sensors indicated on
these figures by asterisks to temperatures ranging down to —6008. This
reduces the dark current of the targets sufficiently to operate these
.devices at slow-scan rates. All of the sensors analyzed in this section employ

electrostatic focusing.

ATM curves for an exposure time of 0.0001 second are plotted in

Figure 7-3. At this low exposure level, sensors such as the silicon vidicon
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(SILV), slow-scan vidicon (85V), charge-coupled device {(CCD), and return beam
vidicon (RBV) are inadequate. They lack prestorage target gain, and con-
sequently the preamplifier noise, or beam shot noise in the case of the RBV,
dominates. Longer exposure times must be used. The SEC vidicon (SECV),
electrostatic storage camera (ESC), silicon dioxide vidicon (SDV), SIT vidicon
(SITV) and intensified charge-coupled device (ICCD), perform marginally at worst-
case conditions for this exposure. An exposure time of 0.0001 sec is not

adequate.

An exposure time of 0.0005 sec results in shifting the ESC, ICCD,
SDV, and SECV into the region where good performance can be obtained. This
is 1llustrated in Figure 7-4. However, resolution will be limited to about
10 cycles/mm at 4 rpm if image motion compensation is not used. At an
exposure time of 0.0005 sec, image motion compensation will have to be used
at the higher spin rates. With an ideal IMC system the region of possible
performance will be extended to the intersection of the camera threshold

modulation curves and Ma(K) for no spin.

Figure 7-5 shows threshold modulation curves for an exposure time
of 0.0025 second. This exposure time is impractical without a highly-
effective IMC system. At a 2-rpm spin rate the limiting resolution is already
degraded to about 4 cycles/mm because of excessive image smear. However,
the graph shows that the CCD, RRV and SILV do become feasible with an ideal

IMC system if sufficient exposure is provided.

Corresponding threshold modulation curves based on the signal-to~

noise ratio of the reconstructed image for 0.0005 second exposure time are
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given in Figure 7-6. Compariﬁg these curves to Figure 7-4, we see that after
reconstruction the large-area signal-to-noise ratios have benefited from the
integration over many pixels. This improvement can be explained by examining
Equation (3-46). While the signal in a given reconstructed image area increases
by the ratio of areas Ak/Ab, the noise oniy increases by the square root of this

ratio. This results in better signal-to-noise ratios when Ak is greater than Ab.
7.3.3 SIGNAL-TC-NOISE RATIO VERSUS RESOLUTION

Aﬁother meaningful method of stéting'performance of a camera system
is on the basis of signal-to-noise ratio versus spatial frequency. These
curves form a good basis for comparing the sensitivity and resolution of
various systems. The parameters used here_corfespond to the worst-case
viewing conditions at Jupiter. The signal-to-noise ratios at the data link
versus spatial frequency for exposure times of 0.0001 sec and 0.0005 sec
are shown in Figures 7-7 and 7-8 respectively. Only the fully image-mbtion—

compensated case (equivalent to zero-rpm spin rate) is shown.

At t, = 0.0001 sec (Figure 7-7), the maximum signal-to-noise ratio
at the data 1link is about 6, at 10 cycleé]mm for the ICCD. By increasing

the exposure time to 0.0005 sec (Figure 7-8) the SNRy v link

increases to
12 at the same frequency. If a higher signal-to—noise ratio is required
for an increased digitized bit rate/element, then these curves are helpful,

because they present the maximum SNR available. -

data-link

The signal-to-noise ratio of the reconstructed image versus

resolution for the candidate systems is given in Figure 7-9 for an exposure
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time of 0.0005 second. A comparison of Figures 7-8 and 7-9 illustrates

the difference between the SNRdata-link and SNRreconstructed under identical
conditions.
7.3.4 RESOLVING POWER VERSUS EXPOSURE

In this section, resolving power characteristics of the candidate
sensors are presented as a function of exposure. The exposure Ex is the
product of the input irradiance at the photoéurface, ch, and the exposure
time t: The resolving power (spatial frequency) iB'given in Figure 7-10
as a function of exposure as well as exposure time. Worst—case conditions
at Jupiter are used, assuming zero spin rate. The sensor curves represent
a constant data-link signal-to-noise ratio of 3 at a 1.3:1 contrast
ratio. Due to the 1300-Hz bandwidth, the usual sensors must be cooled for

slow-scan operation. Exposure times from 0.1 to 10 msec are used.

Since the basic SNR expressions necessary to obtain these curves
are transcendental equations, the method of preparing Figure 7-10 may be of
interest. Threshold modulation system curves, typified by Figures 7-11 and
7-12,were first established for different exposure times. The modulation
of 0.13, corresponding to a 1.3:1 contrast ratio, was then identified. The
spatial frequencies at the intersects of the threshold modulation curves and

the 0.13 response linme (points A, B, and C) weré then used to construct

Figure 7-10.
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7.4 SELECTION OF CAMERA SYSTEMS FOR DETAILED STUDY

Based upon an overall assessment of the candidate camera systems,
applying the worst-case conditions for performance evaluation, and consid-
.ering reliabllity, radiation, and other technological areas, several sensors
have been selected for additional analysis. The initial list of candidates
has been reduced to the SEC vidicon, the intensified charge-coupled device,

and the electrostatic storage camera.

Table 7-2 summarizes the selection factors used in determining the
best camera systems. Characteristics identified by a "Y" rating represent
desirable features, while a "N" rating indicates an undesirable feature.
Camera systems with several negative characteristics wereArejected.
Characteristics that rate consideration for rejection are cireled on the

summary chart.

Each of the initial list of candidate sensors will now be examined

and the reasons for acceptance or rejection will be clearly identified.

7.4.1 SEC VIDICON

The SEC vidicon has been selected for detailed study for the

following reasons:

Py The SEC vidicon has a long-term integration capability
and can store an image for many hours. It is capable
of slow-scan operation at the slowest mission data rate.
As a consequence, the data-handling and communications
system can unload the data to Earth without an ancil-
lary storage system such as a tape recorder. The re-
sultant simplification of equipment will have a great
impact on reliability, weight, and payload considerationms.

118



" TABLE 7-2

SUMMARY SENSOR SELECTION MATRIX

CHARACTERISTIC

SELECTION

Yes

Yes

Yes

No

No

No

No

No

No

HONVLSISHTd NOIIVIavd 00D

AONVIIOMEd
4SVD 1Sd0M ALVNOAGY

@ATATIVAD ADVAS ¥ QHd0THARA

FINVIIOVAVD LIDUVI HOIH- .

ALTATLISNES HOIH

NIVD LA0MVI TOVE0LS-TNd

(ONTT000 O/M) FOVIOLS WHHL ONOT

(ONTTO0D 0O/M)
A1I1119Vav) NVIS-MOIS

Y .

Y

SENSOR

SEC VIDICON

ESC

ICCD

cCcD

SIT ViDICON

SILICON VIDICON

REV

5102 VIDICOR

S8V-SELENIUM

SSV-AS0S

. YES

N NO

Y

CODE:

INSUFFICIENT DATA

(::) CONSIDERATION FOR REJECTION

119



The SEC vidicon target gain is sufficient to make the
preamplifier noise negligible at the expected exposure
levels. Figure 7-4 illustrates the importance of target
gain on worst-case performance for a 0.5-msec exposure
time. Devices such as the S5V and SILV lack prestorage
gain . consequently ,they cannot achieve low modulation
lavels, such as in a quantum-noise-limited signal, due

to preamplifier noise. All of the devices with pre-
storage target gain are capable of operating very close
to the quantum noise limit. For this reason, the ISEC
offers no advantage, since the intensifier cannot further
improve the performance of a quantum-noise-limited system.

The resolution capability of the SEC vidicon is accept-
able. A standard Westinghouse WL-30893 has an aperture
response of 20% at 16.4 lp/mm. The performance curves of
Section 7.3.2 show the worst-case resolution that can be
expected and relate it to the ground resolution for a
Jupiter mission.

The target capacitance is low. It is only sufficient to

allow collection of several thousand photoelectrons per
picture element before a '"full target' is obtained (about

4 x 109 electrons per cmz for a standard target). Because

of the low capacitance, the SECV cannot be utilized for

large exposures and has limited low-contrast capability.
However, for the mission being studied at a modulation of

0.13 (equivalent to a 1.3:1 contrast ratio), a signal-to-noise

ratio of the reconstructed image of over 20 will be feasible at
10 1p/mm. This is illustrated in Figure 7-9.

The SEC target does not require cooling, as the dark current
is negligible.

The SEC is fully developed and space qualified. It has

been flown on many missions. A variety of configurations

is available. For instance, performance of the electro-
statically-focused version can be improved either by sub-
stituting electromagnetic focusing, by eliminating the collector
mesh or by other changes. However, each increase in perform-
ance would result in some other tradeoff.

Electronic image motion compensation is possible because
the device contains an image section. Photoelectrons can
be deflected in the imaging region before they land on the
target to correct for linear motion during exposure.
Electronic zooming and shuttering are also feasible when
using other SEC vidicon configuratioms. -
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7.4.2 ELECTROSTATIC STORAGE CAMERA

The electrostatic storage camera (ESCS has been selected for
further study. Although the ESC is presently being developed and is not yet
ready for space missions, its future potential for planetary exploration is
excellent because of its unique storage properties.‘ The reasons for selecting

the ESC are given below:

o The ESC has a storage medium with a long integration
capability that can be scanned at the slowest mission
data transmission rate. The storage target does not
require cooling because of its negligible dark current.
Images can be stored for weeks 1f required before be-
ing transmitted to Earth. ’ '

™ The electrostatic storage camera can provide its owm
bulk storage in the form of a multifaceted storage drum.
A number of pictures (typically two to thirty frames,
16mm on a side) can be exposed, stored, and transmitted
at arbitrary times and data rates. This unique feature
allows multiple pictures to be taken of Jupiter satel-
lites during a single flyby, thereby providing extensive
photographic coverage. The ESC would transmit the
information at a convenient time after the sequence of
exposures were taken. Other framing cameras would
have to dump the data into a tape recorder or transmit
it to Earth before the next frame could be exposed.

] The high prestorage gain associated with the target
(adjustable from about 20 to 200) is sufficient to
override the readout noise at the low exposure
levels of interest. This results in quantum-noise-
limited camera operation over a wide dynamic range.

) The ESC has a high target capacitance that can be
adjusted during design to satisfy a particular ap-
plication. For target thicknesses of 2000 to 5000_3
the capacltance ranges from 1.5 x 10-8 to 5.4 x
10~% F/em*. Even at the lower capacitance value about
7 x 109 electrons per em? can be stored at a 5-volt
target potential, allowing operation over a wide dynamic
.range. In addition, an adequate target potential can
be achieved at lower exposures than with sensors having
lower target capacitance.
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° The readout process is non-destructive. Repetitive
scans are possible because the ESC uses a high-velocity
read beam. The ESC essentially has a built-in data
compression capability in that a cursory examination
of pictures can be made at low resolution to identify
areas of interest. These portions can be re-scanned
at high resolution.

¢ The electrostatic storage camera is capable of high
electro-optical resolution over a large format. The
resolution can be improved by employlng electromagnetic
focusing, a thin storage target, and a smaller spot
diameter. Although high performance is not required
for the Jupiter orbiter, these improvements enhance
the suitability of the ESC for other outer planet
missions.

o The electrostatic storage camera system design is
extremely flexible. The size of the image and storage
sections can be adjusted to accommodate varying format
requirements. Electromagnetic focusing can be provided
for improved resolution. Electronic shuttering is
rossible, as well as electronic image motion compensation.

7.4.3 CHARGE-COUPLED IMAGERS,

Charge coupling is a significant new concept in Imaging. Although
experimental deviceé are now quite crude and limited in format size, the
potential attributes of excellent pérformance at low power, low weight, and
good reliability are very appealing. Two devices in the sensor family
based on the charge~coupled principle have been examined. The basic charge-
coupled device is first considered as a frame imager, then the characteristics

of an intensified charge-coupled device are summarized.

7.4.3.1

Charge—-Coupled Device - The charge-coupled device (CCD)

possesses many attractive characteristics. Despite the fact that

it employs a new concept, it is based on well~developed semiconductor

122



téchnology..—lt ﬁas'the‘attributes of silicon fabrication simplicity, high
reliabilify, low power ,and intrihsic low-noise analég sigﬁal proceSsiﬁg,

The extremely low-noise properties of the bésic CCD impoée demanding
requirements for on-chip amplifiers in order to realize the full benefits

of the techﬁology.-_Using the best conventional preamplifiers, the thermal
noise generated is excessive. By integrating the amplifier, the shunt capaci-
tance can be reduced to approximately 0.2 pf. Novel amplification schemes
should be possible which would take advantage of the low ocutput capacitance

and reduce the amplifier noise.

The high quantum efficiency of the CCD coupled with the low-noise
properties of an on—chip amplifier provide excellent imaging results at
high v1deo bandwidths. However, for slow-scan operation, clock-related
noise is excessive. Due to the presence of interface states within the
target, the minority carrieré in each potential well are subject to rgndcm
capturé and emission., This adds noise to the signal both during the |
integration time and during the readout periods. When the signal bandw1dth
and the élocking frequency are low, the readout interface
noise becomes dominant. .The interstate noise decreases with increasing clock

frequency and with decreasing integrafion time.

Interface state trapping limits the performance of the basic CCD(BO)

at moderate and low frequencieé. The amount of signal degradation can be
influenced by the device parameters, dimensioﬁs, and clocking waveforms.
Incomplete charge transfer due to interface‘state trapping can be reduced

by inc;easing clock voltages, increasing the signal charge, or using'special
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"push” clocks to move the charge. Other CCD system approaches that utilize
single-line storage can be used to overcome the interface state trapping
limitation. For example, the CCD can be operated a line at a time by
transferring the first line into an auxiliary storage unit at a high clocking
frequency. The line in the auxiliary store can then be transmitted to Earth at
the desired low frequency before the second 1ine is transferred. The process is
repeated until the entire frame is transmitted. This type of system will not be
analyzed in this study because of the relative superiority of the intensified

charge-coupled device.

There are several dark current sources associated with the CCDs:
the depletion region, neutral bulk silicon, and the oxide-silicon interface.
The dark current is typically several nanoamperes per square centimeter at
room temperature. This limits the integration period to less than a second.

If slow-scan operation is desired, cooling to about -60°C is essential.

Because of the newness of the CCD technology, only a few devices
of limited size have been built. A useful device would consist of at least

500 x 500 elements, but a more suitable device might consist of 1000 x 1000

elements. This goal appears reasonable since 500-element buried channel

linear imaging devices have been constructed.

Figure 7-4 shows the threshold modulation curve for the CCD for 0.5
millisecond exposure time. The rgadout interstate noise i1s responsible for
the moderate performance displayed. The basic CCD device has not been
selected for further study. In addition to its poor low-frequency performance,

the CCD lacks an image section. Consequently, mechanical IMC must be employed
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and some form of mechanical shuttering must be devised. An intensified

charge-coupled device overcomes these limitations.

7.4.3.2 | Intensified Cha;ge—Coupled Deviée ~ The intensified charge-
coupled device (ICCD} consists of a charge-coupled device preceded by a
photocathode and an electrostatically-focused image section. The high
prestorage target gain (2000) provides a quantum-noise-limited signal-
to-noise ratio at very low exposures. At an exposure time of 0.1 millisecond
(see Figure 7-3), the ICCD provides the best performance among all of the
imagers. This is due to the low-noise properties of the integrated amﬁlifier.
The interstate noise is not a problem because of the high prestorage target

gain.

Unlike the CCD, image motion compensation can be applied
electronically. Electronic gating is also feasible. The ICCD requires

less mechanical equipment if the IMC and shuttering functions are performed
electronically. It operates well at low exposure levels. However, it will
be bulkier and heavier than the CCD. The:-ICCD has been selected for further

study.
74040 SIT VIDICON

The SIT vidicon has not been selected for further study. The

primary reason for rejection is the need for cooling to achleve

slow-scan operation. The SIT vidicon would be an excellent choice for
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many alternative planetary missions, particularly where ancillary storage
equipment can be added because of reduced payload restrictions. Some of

the SIT vidicon characteristics are listed below:

™ Based on sensitivity alone the SIT vidicon is
superior to most camera systems. 1ts silicon
target has a prestorage gain of 2000,which is
considerably higher than other target types.
The significance of the high target gain is
that the preamplifier noise becomes negligible.
Consequently, a quantum-noise-limited signal-to-~
noise ratio is achieved at lower exposure levels.
Figure 7-10,which shows resolving
power versus exposure, illustrates the superior
performance of the SIT vidicon at low exposures.

At longer exposures,the high gain of the SIT

vidicon does not offer as mu¢h of an advantage.

This is because the maximum signal-to-noise ratio

is determined by charge-storage considerations. If a
target can store a maximum of b electronic charges
per picture element because of its capacitance,

the maximum number of photoelectrons that can be
stored per picture element is b/G_, where G_ is the
target gain. Thus the signal-to-noise ratic set

by charge storage considerations is:

SNR (charxge storage) = [ b 7-9
G, (7-2)

At the higher exposure levels SNR (charge storage)
imposes a limitation since it is

independent of exposure for a given target gain.

SIT vidicons have 20 to 25 times the gain of an SEC
tube, and their charge storage capacity 1s about 10
to 20 times greater. As a result,the maximum signal-
to-noise ratio set by charge storage considerations
is about the same for both tubes. The performance
of both tubes is quite similar at an exposure time of
0.0005 second, as shown in Figure 7-4.
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The resolution capability of ‘the SIT vidicon is
acceptable for this class of mission. Conven—
tional silicon targets have a diode center-to-
center spacing density of 72 per millimeter with

a response of 20% at 25.5 lp/mm when used in a
16mm tube. Special silicon targets have bheen used
in experimental tubes with gpacing densities of

up to 130 diodes per millimeter. The results of
the parametriec worst—case analysis (Figures 7-3 and
7-4) demonstrate adequate resolution. ‘

The slow-scan capability of the SIT tube is limited
by the dark current of the silicon diodes. At

room temperature the integration period must be
limited to less than a second. Consequently,

target cooling is required to_read out directly

at the expected data rates. For scan perieds on

the order of a few seconds, the target temperature
must be held at approximately -20°C. Integration
times of several hours may be obtained by cooling

to —60°C. Implementing thermal control, however,

_ can involve practical difficulties and the use of

- considerable power. The tradeoffs involved in using
onboard storage at higher video bandwidths versus
slow-scan operation requiring cooling equipment would
have to be considered if an SIT vidicon were used.

It is of interest to calculate the limitation
_imposed by the dark current in a cooled silicon
target. Consider a target at -40°C,Where the dark
current is 1012 amperes per square millimeter. At
a resolution of 20 cycles/mm, the number of dark-

current electrons per picture element per second is
approximately 39C0.
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The charge required for full target capacity for a
practical target swing of 5 volts and a target capa-
citance of 40 x 10712 F/mm is

-12 F 1 2
40 x 10 po 2l (40 mm) X 5v

1.6 x 10'_19 coulomb/electron

(7-3)

7.8 x 105 photoelectrons per picture element.

The time required to £ill the target is:

.8 x 105 photoelectrons
.9 x 102 photoelectrons/sec

time = ; = 200 seconds

So the dark current of 10_12 amperes per square centi-
meter at —-40°C completely fills the target in 200
seconds. At the nominal data rate of 16,384 bits/sec,
about 184 seconds will be required to transmit the data
on a 700-x-700-element target, It is obvious that
either onboard storage or cooling to about -60°C is
essential, since rates as low as 2048 bits/sec may be
used,

. The SIT vidicon is a relatively new device. So far a
variety of tubes have been developed and space~qualified
versions are available. High resolution, large image format,

and slow-scan configurations of the SIT vidicon must still
be developed.

7.4.5 SILICON VIDICON

The silicon vidicon tube will not be considered. It has little
to offer on a mission of this type that could not be handled better by the
SIT vidicon. It should be recalled that the SIT vidicon is actually a
silicon vidicon with an intensifier front end added. However, the silicon

vidicon does have better red response that the SIT vidicon.
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The silicon vidicon has limited sensitivity because it lacks
prestorage target gain. Thus, the preamplifier noise remains the déminant
noise term at the exposure levels encountered at Jupiter. Another dis-
advantage is the requirement to cool the silicon vidicon to -60°C for
slow-scan operation, or,in lieu of cooling, the neéd for auxiliary storage
equipment. Finally,shielding would probably be required to prevent losses
in quantum efficiency and increased dark current due to the radiation

environment.

The performance levels that can be expected are best illustrated
in Figures 7-4 and 7-5. At a half-millisecond exposure, the SILV is not
sensitive enough., However, when the exposure is incfeésed to 2.5 milliseconds
the SILV.performs'nicely, providing that image motion compensation limits thg

smear. Its poor relative sensitivity is illustrated in Figure 7-10.
7.4.6 SLOW-SCAN VIDICON

The slow-scan vidicon has been rejected because of its low sen-~
sitivity., Since there is no target gaiq mechanism in this tube, the ampli;
fier noise prevents its use at the expected exposure levels. The vidicon
generally requires longer exposure times which cannot be used In this appli—

cation due to the associated image smear.
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A slow-scan vidicon utilizing an ASOS photoconductor with a
peak quantum efficiency of 47% 1llustrates the lack of sensitivity.
Figure 7-5 shows the threshold modulation curve at 2.5 milliseconds exposure
time. Low-contrast images would have an SNR of less than three at the data
link. The ASOS photoconductor also has the disadvantage of requiring

cooling to limit the dark current and allow slow-scan operatiom.

The selenium vidicon, used in the Mariner series of space probes,
offers good resolution and excellent slow-scan characteristics without
cooling. The dark current is negligible. Unfortumately the sensitivity

is also low, although high quantum efficiencies can be obtained.
7.4.7 SILICON DIOXIDE VIDICON

The silicon dioxide vidicon (SDV) has not been selected. Although
the predicted performance of the SDV is excellent, the device must still be
devéloped. Other candidates requiring development effort such as the
electrostatic storage camera and intensified charge-coupled device offer
greater advantages and have therefore been selected instead of the SDV.

The ESC offers multiple-frame storage instead of a single picture, whereas

the ICCD is smaller, weighs less, and consumes less power than the SDV.

The silicon dioxide vidicon has a storage medium with a long inte-
gration capability that can be scanned at the slowest mission data rates.
The storage target does not require cooling as the dark current is negligible.

In addition, the SDV has a high-capacitance target.

130



The SDV'has the saﬁe configuration as thé SEC vidicon, with the
exception of the target. The high prestorage gain associated with the
target is sufficient to override the preamplifier noise and results in a
quantum -noise-limited SNR over a wide_dynamic range. Figures 7-3 , 74,

and 7-10 demonstrate the predicted performance levels and resolution.
7.4.8  RETURN BEAM VIDICON

The return beam vidicon (RBV) has not been selected. It lacks
gufficient sensitivity and requires cooling to achieve slow-scan operation
at the specified rates. The factors supporting this decision are summarized

below.

. The return beam vidicon has only moderate sensitivity.
- The absence of prestorage gain in the target makes it

impossible to achieve a quantum-noise-limited signal
due to the beam shot noise associated with the return
beam. The performance of the RBV at low contrast is
inadequate at 0.5-millisecond exposure time, however,
at 2.5 milliseconds the signal-to-noise ratio im—
proves substantially. See Figure 7-4 and 7-5 for
performance comparisons. - :

° The dark current of the photoconductor used in the
RBV requires cooling to about_—40°C to be compatible
with the required slow-scan dperation. Thermal
control would be essential. The alternative use of
short .integration times with an auxiliary storage
unit is undesirable from weight and reliability
considerations.
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™ Because of the lack of an image section, electronic
image motion compensation cannot be applied. Mechanical
IMC must be used in addition to a mechanical shutter.

™ The primary advantage of the return beam vidicon is its
high resolution. It has an aperture response of 20%
at 59 lp/mm. The RBV is a fully developed tube available

in sizes up to 4-1/2 inches in diameter. It is space
qualified and has flown on space missions.

7.5 CONCLUSION

The basic objective of this task was to select the most promising
frame image systems based on a worst case parametric analysis. The SEC
vidicon, the electrostatic storage camera, and the intensified charge-coupled
device were found to be the best systems fof the class of mission being'
studied. These three systems will now be analyzed for the specified

Jupiter orbiter.
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SECTION VIII
ANALYSIS FOR SPECIFIED JUPITER ORBITER MISSION

USING SELECTED CAMERA SYSTEMS

8.1 INTRODUCTION

The objective'of this section is to determine the performance of

the selected sensors for a specific Jupiter orbiter mission.

Performance curves are presented for the SEC vidicon, the electro-
static storage camera, and the intensified charge-coupled device for the
5pecifie& Jupiter orbit including satellite encounters. Both electrostatically-
focused and high performance, electromagnetically-focused configurations are

analyzed.

The suitability of the selected sensors for other outer planet
missions is discussed. Performance curves are giVen at Saturn and Uranus.

Conclusions are then presented indicating the best systems for outer planet

missions.
8.2 DISCUSSION
8.2.1 SPECIFILED JUPITER ORBITER MISSION

The mission selected by NASA for study by the contractor consists of

(31). The

a Jupiter orhiter which repeatedly encounters three satellites
selected 1976 orbit is equatorial with a 2.29 RJ periapsis, a 45.13 RJ apoapsis

and a period of 14.22 days. From an interactiom region orbit (2.29 x 100 RJ),
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the.spacecraft is deboosted into the 2,29 X 45,13 RJ orbit, where close

encounters with the satellites occur for about three to five orbits.

Figure 8-1 shows the three-satellite encounter geometry of the
Jupiter orbit. Three of the four Galilian satellites, Io, Europa, and
Ganymede, are nearly commensurate (i.e., thelr orbital periods are near-
multiples of each other). Syzygy occurs about every 7 days; however, the
alignment drifts about 5.2° in a retrograde direction between one aligument

and the next. The planned orbit therefore results in several encounters

with the three satellites.

The characteristics of the encounter with Jupiter and the satellites
are shown in Figure 8-2, where the distance from the center of Jupiter is plotted
versus the phase angle. These characteristics will be used in determining the

performance of the selected camera systems.

The following frame imagers will be examined for the specified

Jupiter orbiter mission:

SEC Vidicon
Intensified Charge-Coupled Imager

Electrostatic Storage Camera

Performance curves will be given for both electrostatically- and

electromagnetically~focused configurations for all three devices.
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8.3 PERFORMANCE ANALYSIS

The analytical SNR models for the selected sensors have been used
to prepare the performance curves fof the Jupiter orbiter mission. As in the
previous worst—case Earémetric'analysis, it‘has been necessary to limit the
number of variables and parameters involved to keep the analysis within
reasonable ﬁounds. In particulér, gpecific camera parameters were fixed to
reasonable values., ' Nominal values were selected for other system parameters. -
For example, a video bandwidth of 1500 Hz (cofrésponding to a 16,384-BPS data
rate) was selected. Performance curves are based on a constant signal-to-noise
Iratio of 10 for the reconstructed image. 1In cases where image motion compensgation
(IMC) is used, a 90%-effective system is assumed. Spectral filtering is nét

included in the analysis.
8.3.1 EFFECT OF IMC ON PERFORMANCE

The effect of image motion compensation on performance is illustrated
for the SEC vidicon in Figure B8-3. Modulation curves are glven showing the
contrast ratio versus resolution as a function of spin rate fof cases both
without an& with'QOZfeffective Iﬂc. Note that all of the modulation curves
in this sectioﬁ are plotted using the scene modulation (and contrast ratio) as

the ordinate as described in Pafagraph 3.4.1,
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_The need for image motion compensation has been established in
Section 6. Consequeﬁtly, all subsequeﬁt performance curves will be based
on a 90%-effective IMC system. That is, only 10%Z of the image displacement
relative to the sensor's faceplate that would result without IMC remains after
IMC is applied. As an example, with 90%-effective IMC the performance at 10 rpm

is identical to that at 1 rpm for the uncompensated case,
8.3.2 EFFECT OF VARYING PHASE ANGLE

Tﬁe effect of varying phase angle on performance is shown for the
SEC vidicon in Figure 8-4.‘ Modulation curves giving the response (contfast
ratio) as a function of angular resolution are.shown at various phase angles
and spin rates. For a constant angular resolution, we can see how the abiiity

of the system to perform drops off at low contrast.

Angular resolution can be expressed-as ground resolution by applying
the 1976 encounter characteristics for Jupiter (Figure B-2)., This figure shﬁws
the distance from the center of the planet in units of Jupiter radii as a
function of solar phase angle. The groﬁnd resolution for several spacecraft
locations characterized by this orbit are tabdlated in Figure 8-4 for an

angular resolution of 125 uradian/pixel.
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8.3.3 EFFECT OF VARYING OPTICAL PARAMETERS

In the preceding analyses a nominal optical aperture of 100-mm
diameter was assumed. Because of welght considerations, an aperture diameter
of 150 mm was selected for the upper limit. 1In Figure 8-5, the performance of
the SEC vidicon is shown as a function of optical aperture diameter covering
the range of interest. As expected, the performance improves with larger
aperture size because the light-gathering ability of thé optical system increases

by the square of the diameter (assuming a fixed focal length).

The effect of varying focal length is illustrated for the SEC vidicon
in Figure 8-6, where the modulation (or contrast ratio) is given as a
function of angular resolution. In the preceding anéiyses a nominai focal
length of 400 mm was assumed. In this figure, the performance is givén for
focal lengths ranging from 200 mm to 1000 mm. The improvement in angular-
resolution at longef focal lengths is primafily due to the improved MTIF of
the image sensor at lower spatial frequencies. Figure 8-7 illustrates the
field of view obta;ned versus focal length for several photocathode forma;
sizes. A camera system with a 400-mm focal length has a field of view of
approximately 28 milliradians for an 11.3 # 11.3 mm format. The distance
réquired for a full-disc view of Jupiter and its satellites has been plotted
as a function of focal length. Full-disc coverage of Jupiter occurs at about

70 Rj with a 400 mm focal length optical system,
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8.3.4  PERFORMANCE AT JUPITER AND ITS SATELLITES

Performance curves are presented in this section for the selected
camera systems at Jupiter and the Galilian satellites. The aﬁalysis is
later extended to Saturn and Uranus to show the applicability of the systems

to other outer planet missions.

Modulation curves for two versions of the SEC vidicon are shown in
Figure 8-8. Perfofmance curves are presented for the standard SEC vidicon
with electrostatic focusing and also fo; a high-performance SEC vidicon with '
electromagnetic focusing and without a suppressor mesh. The suppressor mesh
is a necessary component to prevent destruction of the SEC target when operating
in a continuous mode. However, by operating the tube sequentially and keeping
the scanning beam off when the photocathode is being exposed, the éuppressor
mesh can be eliminated. Iﬁ'Figure 8-8, the contrast ratio (and relative
response) is plotted as a function of angular resolution for -the various
ceiestial bodies. Curves are plotﬁed for a nominal spin rate of 5 rpm assuming
a .zero-degree phase angle, 90%-effective IMC, an exposure time of 0.0005 sec.,
an £/4 lens with a 400-mm focal length, a bandwidth of 1300 Hz and a constant
SNR of 10 bésed on the reconstructed image. TFor a contrast ratio of 1,3:1
the electrostatically focused vérsion of the SEC vidicon is shown to resolve
ébout 68 uéﬁdian/pixel at Jupiter. The electromagnetically-focused SEC vidicon
configuration without sﬁppreséor mesh will resoiye abqut 50 uradian/pixel

under identical conditions.
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Note that the performance curves in Figure 8-8 can be modified
for other values of constant SNR if desired. For example, if threshold
modulation curves are desired for a SNR of 3, simply multiply the relative

_response curve by the ratio of the two SNRs (0.3).

Similar modulation curves for the electrostatic storage camera
are shown in Figﬁre 8-9. Both an electrostatically-focused configuration and
a high-performance electromagnetically-focused version with a 10 p diameter-
read beam are analyzed. For a centrast ratio 6f 1.3:1 the resolutionlat
Jupiter is 54 pradian/pixel and 41 uradian/pixel for the electrostatically-

and electromagnetically-focused versions respectively.

Figure 8-10'shows modulation curves under identical conditions
for the intensified charge-coupled device with both types of focusing. A
resolution of 62 uradian is obtained at Jupiter for a contrast ratio of 1.3:1
using électrostatic focusing. Electromagnetic focusing improves the performance

and results in a resolution of 45 uradian/pixel.

It is interesting to note that, in these applications, performance is
generally limited by system parameters external to the sensor, and therefore
operation is limited to a narrow performance range. Factors such as the
uncompensated image smear, the short exposure time, and the image contrast
limit the performance of the sensors. A comparison of Figures 8-8 through
8-10 shows that the performance of the ICCD and ESC are quite similar. The
SEC widicon does not perform as well as the other two, although its

performance is adequate for the mission being considered.
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8.3.4.1 Satellite Encounters - Encounters with Jupiter's major

satellites - Io, Ganymede, and Europa - have been considered, and camera performance
at Callisto was also analyzed. Performance curves for the selected BEensors

at these satellites are shown in Figures 8-8 through 8-10. As we would

expect, the performance at the satellites is quite similar to that at jupiter.

Differences are mainly the result of the different satellite albedos.

An important consideration in photographing the sate;lites of Jupiter
is the amount of time available to take pictures due to the encounter
trajectories involved. Let us look, for example, at the encounter with the
satellite Io during the spacecraft’'s second orbit of Jupiter (after the
phasing orbits). The spacecraft would be within 1.8 RJ of Io, the closest
distance at which full-disk pictures can be obtained, for about 4 hours.
Conditions satisfactory for photography (when the phase angle is less than
600) would last for about 2 hours. During this period, all three of the
selected camera systems are capable of satisfactorily photographing the
satellites and producing a number of pictures. Approximately 30 to 40
photographs could be taken, assuming a 700 line x 700 pixel format and a

16,384-bit/sec telemetry rate.

When multispectral photographs of the satellite surface are to be
takeﬁ, the ESC offers an advantage, Because of its unique bulk storage
capablility, it can expose a sequence of pictures in rapid succession, each
at a different spectral band, and transmit them back to Earth afterwards.
Contiguous ground coverage over several spectral bands can be achieved in

this manner over a wide resolution range from close-up shots to full-disc
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photographs. The ICCD and SEC vidicon, which must transmit each plcture
before another can be taken, would require a tape recorder to obtain similar

coverage over several different spectral bands.
8.3.5 RESOLVING POWER VERSUS EXPOSURE

Performance curves are presented in Figure 8-11 showing resolution
as a function of exposure time at Jupiter. Curves for the three selected
camera systems are given for comparison. Electromagnetically-focused cameras
are included. Currently-available IMC subsystems which provide compensation
for ninety percent of the motion due to the spécecr;ft spin are used in Figure
8-1la. We see that as the exposure time is increaséd, each sensor reaches a
point of maximum performance. The resolution then begins to drop off as the
smear due to image motion becomes excessive. Both the ICCD and ESC perform
better than the SEC vidicon. IMC systems can probably be developed for this
mission which would compensate for up to 99% of the relative motion(za). For

comparative purposes, Figure 8-11b shows the ideal, 100Z-effective IMC case.
8.3.6 CAMERA PERFORMANCE VERSUS ORBITAL TIME BEFORE PERIAPSIS

Figure 8-12 shows the performance which may be achieved using
systems designed around the selected sensors. Resolution is given in terms of
the maximum ground resolution, assuming a contrast ratio of 1.3:1 at an SNR
of ten. The resolution is shown as a function of approach time and phase

angle, with the optical axis pointed toward the planet's center.
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8.4 OTHER OUTER PLANET MISSIONS
8.4.1 SATUEN AND URANUS

Although the scope of this analysis addresses a specifie Jupiter
orbiter mission, the suitability of the selected sensors for other outer planet
missions 1s also an important consideration. Performance curves presented in
Figures 8-8 through 8-10 include the planets Saturn and Uranus to illustrate
the feasibility of using the selected sensors without changing the basiec design.

The analysis is applicable to both flyby and orbiter missions.

The planet Saturn is 9.54 AU from the sun and has an albedo of
about 0.61. Compared to Jupiter, Saturn reflects approximately a third as much
light. Even under these reduced lighting conditions, the performance of ;ll
the cameras is still adequate. Using the SEC vidicon with electrostatic
focusing as a example (see Figure 8-8), a resolution of 90 uradian/pixel
is obtainable at a 1.3:1 contrast ratio. The other sensor configurations

have better performance.

Uranus is twice as far from the sun as Saturn at a mean distance
of 19.2 AU. Therefore, since its albedo is 0.42, or approximately the same as
Jupiter, the planet reflects only about 7% as much light. Referring to the
SEC vidicon with electrostatic focusing operating under the conditions of
Figure 8-8, the low-contrast performance drops off rapidly. A scene contrast

ratio of 4:1 (as compared to 1.3:1 at Saturn) is required to resoclve
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90 uradian/pixel at an SNR of 10. Performance can be improved by increasing
the exposure time to 1 millisecond, however, performance then decreases
sharply because of image smear. The largest diameter optics. that are
practical within the mission weight coﬁstraints are prefered at Uranus to

maximize the illumination at the image plane of the camera.

It is doubtful that pictures will be transmitted from Uranus using
the same telemetry support equipment as the Jupitex mission. Even at X—ban&
frequencies, with the inherent increase in communication-link gain, slower
data-transmission rates will probably be required, depending on the trans-—
mitter power. However, the performance curves for Uranus are calculated using
a video bandwidth of 1300 Hz to allow comparison with the performance at other

planets.
8.4.2 BEYOND URANUS

Neptune and Pluto orbit beyond Uranus at mean distances of 30.1
and 39.4 AU respectively. The light reflected from Neptune is only 2.5% of
that reflected from Jupiter, while that from Pluto is only about 0.005% as.
much. Communication distances are approximately 5.8 and 7.6 times longer
than for Jupiter. It is apparent that missions to these planets will impose
much more stringent demands on the camera and communications‘system than the

Jupiter orbiter.
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For these planets, camera systems with high quantum efficiency
and high inherent target gain must be used to compensate for the limited
i1lumination. This is essential because the maximum exposure time is
limited by the image motion. By modifying camera parameters, both the
electrostatic storage camera and the ICCD can probably produce modest results
at Neptune. Obtaining good pictures of Pluto from a spinning spacecraft

will be difficult, as much longer exposure times will be required.

Because of the vast distances and long data transmission time
involved, the need for auxiliary storage increases as missions extend to the
outermost planets. Camera systems with tape recorders, or imagers such as the
ESC with integral bulk storage, become essential if a significant number of

pictures are to be obtained.
8.4.3 FLYBY MISSIONS

Many other outer planet missions will be of the "flyby" type
rather than planetary orbiters. These missions take advantage of favorable
planetary aligmments by using the gravity~assist flyby technique to explore
two or more planets. For example, the Mariner Jupiter/Saturn Mission
scheduled for 1977 uses this technique. The Pioneer type spin-stabilized
spacecraft will also eventually be used for flyby missions to several
planets. Undoubtedly, the same limited data transmission and storage
capabilities of the Pioneer spacecraft that apply for the Jupiter orbiter
will also impose limitations on the ;wo—planet flybys., As communications

distances lengthen and the available illumination at the distant planets
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decreases, data storage and transmission limitations become more important.
An auxiliary storage system becomes a necessity in order to insure

sufficient data return,

Of all of the camera systems studied, only the eleétrostatic camera
system contains a built-in storage capability to store more than one picture.
It is capable of taking at least 30 pilctures ddring a planetary flyby and then trans-
mitting the sequence of pictures to Earth after the encounter. At the
outer planets, other camera systems such as the SEC vidicon and ICCD would
require an auxiliary storage system to achieve the same picture-gathering

capability.
8.5 - CONCLUSTIONS

The three selected camera systems all perform satisfactorily when
applied to the 2.29 x 45.1 RJ Jupiter orbiter mission. Ground resclution
"of less than 10 km can be achieved at Jupiter near periapsis for the conditioms

selected,

When photographing the satellites of Jupiter, the three selected
camera systems all perform satisfactorily. If multispectral pictures are to
be taken with filters over several color bands, the ESC offers an advantage

because of its multiframe storage capability.
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The selected camerad appear suitable for missions to Saturn and
Uranus without any major design changes. The low-contrast capability of the
sensors begins to deteriorate when missions to Uranus are considered, more

so with the SEC wvidicon than the others.

Performance appears to be limited more by other system parameters
than the sensors, particularly for the high-performance electromagnetic
configurations. If the camera parameters were not dominated by factors such
as image smear, even higher-performance versions could be constructed. However,

the need for such systems is not required for the Jupiter orbiter mission.
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SECTION IX

DESIGN STUDY AND TECHNOLOGICAL ASSESSMENT

9.1 SUMMARY

This task presents the preliminary design configurations for each
of the three imaging systems chosen in Section 7. These systems are the SEC
Vidicon Camera, the Electrostatic Storage Camera, and the Intensified Charge-
Coupled Device. Sketches of each system are given with estimated dimensions.
A functional block diagram of each system has also been prepared showing fhe
interrelationship between the various parts. The weight and power require-
ments of each system are then presented as a function of the different per-

formance options available for each system.

Specific equipment such as lenses, mechanical image motion compen-
sation, heating and cooling equipment, and data storage equipment will not be
specified due to the large number of choices available and the resulting
changes in weight and power requirementé. However, representative nominal
welghts and power consumption will be used to illustrate trade-off options

and to calculate the total weight and power consumption of the camera system.
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9.2 PERIFHERAL EQUIPMENT

This section will investigate the necessary equipment other than
the imaging sensor and electronics. This includes optics, shutter, filter
wheel, image motion compensation, thermal control, and data storage. Each of
these items will be investigated to determine possible options and nominal

weight, power and volume requirements.

9.2.1 OPTICS

The aperture diameter and focal length of the lens system are con-
strained by the field of view, the resolution desired, and the weight limitation.
For the sensors and orbits being considered in the study, maximum and minimum

sizes of the optics are given below:

Aperture Diameter Focal Length
Maximum: 150 mm 600 mm
Minimum: 100 mm 200 mm

These systems are both capable of giving diffraction-limited

resolution over the proper field of view.

Weights and volumes for the optics can be found from studies done by

(29) (32)

Slater and Johnson and Bashe and Kennedy + Slater and Johnson studied the
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weights of a variety of space optical systems as a function of the eol-
lecting aperture diameter. With 21 datum points, the dependence was
approximated by
M = 168 D > (9-1)
c c
where Mc is the mass of the optical system in kilograms, and Dc is the

diameter of the collecting optics in meters.

This data can be verified by comparing it to that obtained by
Bashe and Kennedy. Since this latter study is not confined to space-qualified
optical systems, the weights are slightly higher than those found in the

former study. The weights as a function of aperture size are given below.

Bashe and Kennedy Slater and Johnson
Refractive Catadioptric (all types)
150 mm aperture 7.0 kg. 4.5 kg 3.8 kg

100 mm aperture 2.0 kg 1.5 kg 1.7 kg

Other date for optical system weights based on unknown sources
have been used in reference 2. A portion of that table has been reproduced

below for systems with 0.61-m (24-inch) focal lengths. (See Table 7-1 also)

150-mm aperture (catadioptric}: 8.6 kg

160-mm aperture (catadioptric): 4.1 kg

These seem somewhat high compared to the system values found
in Slater and Johnson. In the following analysis, the data of Slater and Johnson

will be used.
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The volume of the optics can be approximated by a right circular

cylinder of diameter 1.1 DS and length 1.1 F, where DS is the collecting lens

diameter, and F is the focal length. The equation for the volume of the cy-

linder is then

Volume = 1.05 DSZF

which yields the following volumes:

Aperture Focal Length Volume

150 mm 600 mm 0.014 m3

100 mm 200 mm 0.002 m3
9.2.2 SHUTTER AND FILTER WHEEL

Iwo types of shuttering will be investigated here. The first is
conventional mechanical shuttering and the second is electronic shuttering

within the sensor itself.

There are two basic types of mechanical shutters: leaf and focal
plane. Both have been used in space missions, the main difference being
that the focal plane shutter can achieve shorter exposure times, with a
minimum of about one millisecond. A shutter of this type was used on the

Mariner 6 and 7 narrow-angle TV camera. It weighed 140 grams, was 89 mm in

diameter and 28 mm thick.(33)
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The main disadvantage of mechanical shuttering is that, due to
the rotational speed of the spacecraft, very short exposure times are
needed to avoid halation and smear. Minimum exposure times of 0.1 millisecond
are needed for fast rotation speeds if the pictures are to be smear-free,
because even the image motion compensation systems are only 90% to

95% effective.

Electronic shuttering, or gating, has been demonstrated with
electrostatic-focus SEC tubesﬁ34) A grid is installed ahead of the target in
the image section of the tube. A small (15 - 20 volt) negative swing on
this grid is sufficient te cut off the arriving photoelectrons from the
photocathode. Gating speeds much faster than the one-milligecond limit
for mechanical shutters can be attained using relatively simple circuitry.

In addition, the gating mesh can be put into any sensor utilizing an intensi-

fier, such as the ICCD or the ESC or the SEC vidicon,with very little loss of MTF.

Unfortunately, the electromic gating has two main disadvantages.
First, it is impossible to stop all of the arriving photoelectrons, since
the spaces in the gating mesh need to be big enough to cause very little
transmission loss when the shutter is open. Consequently, the maximum
attenuation possible with the electronic gating is on the order of

10% (35) This could cause ghosting or smear with bright targets. Thé second
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disadvantage is that the gating mesh has its own electric field when it is on,
and hence could be a possible cause of distortion. At present, no SEC tubes
with a gating electrode and magnetic lens have been made and tested, so
further investigation is needed to realize the full value of electronic

gating.

In summary, electronic shuttering development should be accelerated
if the short exposure time necessary for the Jupiter orbiter mission is to
be achieved. The fastest mechanical shutters still provide about twice the
desired exposure. Perhaps a hybrid scheme would eliminate most of the
ghosting while still allowing fast exposure times. Another all-electronic

method might involve reducing the intensifier voltage between exposures.

A filter wheel is often included with a shutter for making color
composites or multispectral pictures. It consists of a stepping motor and a
wheel with several openings covered with glass color filters large enough to
clear the light path from the lens to the sensor. The proper filter is
stepped into position immediately before the exposure. The total welght of

the filter wheel and stepping solenoid is about 100 grams.

Electrical power requirements for small accessories such as the

shutter and filter wheel are estimated to be 0.1 watt each.
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9.2.3 IMAGE MOTION COMPENSATION

Section 6 demonstrated that image motion compensation is necessary
perpendiéular to the spacecraft axis of rotation. The other components of
image motion (e.g., due to the platform unsteadiness and the rotation of

the planet) were shown to be negligible.

There are two separate aspects of the IMC problem. First, a device
is needed to sense the rotational speed of the spacecraft. Second, another
device is needed to translate the data from the IMC sensor into the propet

amount of compensation and to apply that compensation to the image tube.

As mentioned in Section 6, the image motion sensor could be eliminated
by preprogramming the correction into the image tube. For an orbiter close to
the surface of the planet, where ground speed would also be a factor, a standard
V/H sensor could be used. For the 2.29 ¥ 45.13.1{J ﬁrbit, however, the image

tube could also be used in a star—tracker mode to sense the rotation speed.

The IMC coﬁld be applied to the image tube by means of a rotating
or oscillating mirrbr, or in the case of a tube with an image intensifier
section it could be applied electronically. Other methods involving rotating
lenses and prisms(36) may offer significant savings in weight, power, and
volume, but are not yet part of the state of the art. Design formulas for
oscillating scanning mirrors axe given in references 25 and 28. Multifaceted

mirrors are unnecessary due to the slow rotation speed and are much tco heavy.
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Representative values of the mass, power,and volume required for an
oscillating mirror have been calculated from these formulas as a function

of aperture diameter.
Oscillating Mirror Only

Mass Power Volume
100 mm aperture .69 kg 3.4 watts 5.7 % 10-4 m3
150 mm aperture 2.3 kg 25.9 watts 1.9 x 10_3 m3

Klopp EE_QL summarize weight and power data for several space—qualified

IMC assemblies. They estimate that a complete single-direction mechanical IMC
system with nodding mirror and V/H sensor should weigh 6.8 kg, occupy 0.013 m3,

and consume 15 watts of power.

Since all of the sensors under consideration have an image sectionm,
fully electronic IMC may represent a feasible alternative. In this method,
an electromagnetic deflection yoke or electrostatic deflection plates are
mounted on the image section of the tube and are used to deflect the image in
the proper direction as the spacecraft rotates. This system would utilize

an angular velocity sensor, suitable electronics, and, in the electrostatic

case, a modified image sectiom.
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Advantages of this system Include fewer mechanical parts, simplified
camera construction and alignment, and a much wider range of scamming speeds.
Weight and power requirements should be much less than for the mechanical IMC,

especially for large-diameter collecting optics.

The primary disadvantage of the electronic IMC is the lack of
space-qualified systems, although similar systems héve been used ip
aircraft camera systems., However, the electronic IMC has greater mechanical
simplicity,along with savings in power, weight and volume over mechanical
IMC. For this reason the electronic IMC is the best choice, in spite of
. the extra development needed. For this report, the weight, poweg and volume
of an electronic IMC system in a star-tracker mode or using a V/H sensor are

estimated to be 2 kg, 6 watts, and 0.035 m3.

9.2.4 1 THERMAL CONTROL

The ICCD camera has one significant drawback for the outer plamet
missions. Due to the slow data transmission rates and the relatively high
dark current of the silicqn, either the ICCD will have to be ceoled to
approximately —60°C,or else a tape recorder will have to be included in
the system. This sgction will examine the weight and power impact of the

thermal control.

Several different types of cooling apparatus are available, but few
can be efficiently used to achieve such low temperatures. Thermoelectric
cooling is feasible, but may require several stages. Other solutions utilize

active fluid loops such as heat pipes or pumped, closed-loop systems.
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A radiative cooler design proposed for Nimbus uses a radiative

horn weighing one—half pound to dissipate 20 milliwatts. The horn size of

6 inches on a side gives a radiator area of 5 square meters per watt to cool

to 135°K. For a radiative cooler capable of dissipating 300 mW, the Nimbus figures

can be scaled up to:

Weight 3.4 kg

Volume 0.05 m3

However, due to the spinning spacecraft, cooling efficiencies may be further

reduced, since the radiator will be exposed to the sun during part of each

revolution.

Reference 28 gives a table of IR Detector Cooling Scaling Coeffi-

cients for pumped, closed-loop coolers. By increasing the detector

temperature from 80°K to 160°K, the scaling coefficients for 300 mW of sensor

power dissipation become:

Electrical Power Consumption 10 watts
Weight 0.7 kg
Volume 0.007 m°
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Klopp et al give an approximate Sensor pawer dissipation of 500 As milliwatts
where AS igs the area of the sensor in mz. For a CCD one inch on a side, the
power is 323 mW, which agrees-with the values for the above tables. The power
consumption and weight given in the table will be used for the cooler

parameters in the trade offs.

The main problem with both the radiative horn and thelclosed—cyclé
systems is that they are still not part of the state of the art and need more
development, although the radiative cooler seeﬁs to .have more potential for
the Jupiter orbiter mission. Due to the long distance from the sun, any
effects of spacecraft rotation on the radiator effictency will be minimized.
The closed-loop system would have a much lower reliability than the radiator

due to the presence of moving parts alone.
9.2.5 DATA STORAGE

The alternative to using a cooler for the ICCD is an onboard data
storage medium capable of holding at least one frame of information. Since
the ICCD would have at least 500 resolution elements on a side, the data
storage must be able to handle about 300,000 pixels x 6 bits/pixel, or about
2 megabits of information per frame. This could be accomplished with a MOS

read-write memory or a tape recorder.
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The present state of the art in semiconductor memories corresponds
(37)

to 4096 bits per chip, with each chip requiring about 400 mW To store one
frame, however, 488 chips would be required, which would consume almost 200 watts

of power — far too much,

(2)

A study of tape recorders ,» however, shows that several flight-

qualified recorders are available with capacities as large as 108 bits. The
weight of these recorders 1s about 4.5 kg, the volume is about 9.8 x 10-3 m3,

and the total power requirement is about 10 watts. This is certainly the

better data storage option.

9.3 BASIC SENSOR PARAMETERS

92.3.1 ELECTROSTATIC CAMERA SYSTEM(38)

" The basic camera tube for the Jupiter orbiter framing camera would
utilize a multifaceted drum as the storage medium. Up to 30 frames 16 mm on a
side could be stored at ome time, and the time between exposures would be
limited only be the stepping time of the target. A diagram of the ESC tube is
shovm in Figure 9-1, a possible camera packaging configuration is shown in

Figure 9-2, and a block diagram of the system is shown in Figure 9-3.

System performance can be changed by substituting an electromagnetic-
focus image section for the electrostatic one shown in Figure 9-1. This
results in a weight and power decrease, which is shown in Table 9-1 along with
the decrease in MIF. Both the electromagnetic-— and electrostatic-focusing

configurations are currently available technologies. An altérnative which

170



TLT

BLEQTRMY &

£ WAGE SECTION

— SEpARATRY
READGUT 4 PRAIE Y
ERASE QM \
\ \
\ kY
2% oia . &= — .
:EEE'
mu:raak,lg/
MUTPLIER
DEFLECTION | EOGS
ELECTRODES
4 4 23 &

PTERMAL SOMLE WO
=2

P

]

toy i e ——

ELECTROSTATIC STORAGE CAMERA TUBE

30 FRAME STORAGE’

Figure 9-1




[44}

# PEPENDENT ON FOCAL
LENGTH OF LENS.
400 MM ASSUMED,

40 - -
22" -
1! n - ~ r———====-7
m I N _J
- - + Il - } i }
K cmbddond E==g . /!-:_-.k_*’:::::::'J
‘]} n Led n - l" L -I
u r)‘m_f S S
- _
QPTICAL ASSEMBLY LESC TUBE ELECTRONIC
R 30 FRAME CIRCUITS
n 3
n S i e = HEnRE B =
ud 1 i i l
- N M
- ] H i '
0 -.—._—_-L—_J.-—_-J-T-:-_-i | S N -
] u _ B

ELECTROSTATIC STORAGE

Z. CAMERA SYSTEM
BASE

CAMERA

PACKAGING CONFIGURATION

| Figure %-2



ELT

r— — — T —— — —— ————— t—

e ety |

; |
OPTICAL ELECTROSTATIC MULTIPLIER/ L} aeriFiee MODULATOR
ASSEMBLY CAMERA TUBE ARALYZER |
l |
A i TRANSMITTER
\

L l
s |

J ] | < (

/ \ | ANTENNA
FILTERWHEEL/ TMAGE STORAGE - DEFLECTION & o
SHUTTER SECTION DRUM Focus PRIME/ERASE
ASSEMBLY GUN |
L = POWER
-—-p——_—“?————-——- —._—l—_—— -—-—r——J
\
onibEL/ 1| twace secrio DRUM DRIVE rattya READOUT POWER CONTROL & | COMMANDS
5 CONTROL POWER SUPPLY & CONTROL b g POVER SUPPLY Lo DISTRIBUTION |fune] CONDITIONING frap—
e & CONTROLS CIRCUIT CENEANORS & CONTROLS LOGIC MATRIX
l ] ] I.
TIMING
| CIRCUITS

ELECTROSTATIC STORAGE CAMERA

SIMPLIFIED BLOCK DIAGRAM

Figure 9-3



TABLE 9-1

30 - FRAME ELECTROSTATIC CAMERA PARAMETERS

Electromagnetic Focus

Electrostatic
Parameter Focus Aluminum Coil | Permanent Magnet
Weight:
Camera Head 7.2 kg 8.4 kg 8.4 Kg
Cables & Electronics 3.0 kg 3.6 kg 3.0 kg
10.2 kg 12.0 kg 11.4 kg
Power:
Average¥® 18.6 watts 20.0 watts 18.5 watts
Peak 22.8 watts 34.6 watts 21.8 watts
Advantages: Sensor MIF Sensor MTF 20% at 68 1lp/mm
20% at
30 lp/mm

*10% duty cycle of the image section
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would decrease the weight and the power consumption of the electromagnetically-
focused design but still retain the high MTF would be a permanent-magnet

focusing sectioun.

(39

CBS Laboratories has constructed a permanent-magnet focusing module

that provides the proper field, yet uses no power. The weight and volume are

less than that of an aluminum-wire coil used for electromagnetic focusing.

9.3.2 SEC VIDICON

(5)

A space—-qualified éEC vidicon camera has been described previously
and will form the basis of this study. In its original form, the camera
utilized a onefinch-diagonal tube with an electrostatic image section. The
basic system has been examined both with electrostatic — and electromagnetic-
.focus SEC tubes and with a permanen£~magnet focus module. A picture of a
typical SEC tube is shown in Figure 9-4, a proposed packaging configuration for
the SEC vidicon camera is shown in Figure 9-5, and a simplified block diagram
of the camera is shown in Figure 9-6. The various.performance and weight

trade-offs are shown in Table 9-2.

This tube is capable of storing one frame of Information in slow-scan
operation unless a tape recorder or memory unit is used. For this analysis,
one-frame storage is assumed to obtain the minimum weight and power and

maximum reliability.
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TABLE 9-2

SEC VIDICON CAMERA PARAMETERS

Electromagnetic Focus
Electrostatic
Parameter Focus Aluminum Coil | Permanent Magnet
Weight: 6.8 kg 8.6 kg 8.0 kg
Power:
Average¥® 10.0 watts 11.?2 watts 9.5 watts
Peak 10.0 watts 21.8 watts 9.5 watts
Advantages: Sensor MIF Sensor MTF 20%Z at 28 lp/mm
20% at
17 lp/mm

% 10% duty cycle of the image section.
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9.3.3 INTENSIFIED CHARGE-COUPLED DEVICE CAMERA

The ICCD camera is significantly smaller and less complicated than
either of the other two systems. Its main drawback is that it must be
cooled for slow-scan operation or have a memory unit, Both the control
electronics and the high voltage supplies are gimpler than those for the
other camera systems. No filament supply is needed, and high voltages are
needed for the intensifier only. A schematic of the device is shown in
Figure 9-7, a proposed packaging configuration in Figure 9-8, and a simplified

block diagram in Figure 9- 9.

As in the other cameras, the 1CCD image section can be focused
electrostatically, electromagnetically, or with a permanent magnet module.
Table 9-3 shows the weight and performance tradeoffs anticipated using each of
these options. These figures are probably more conservative and have a larger
probability of error thanm those for the other two cameras. This is because
the ICCD, even more than the CCh, is sfill in the laboratory experiment stage,
and the circuitry is still being developed. The MTFs given in the table
were obtained from the camera models and represent the resolution expected

for an array with 20 um element spacing.
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TABLE 9-3

ICCD CAMERA PARAMETERS

Electromagnetic Focus

Electrostatic

Parameter Focus Aluninum Coil | Permanent Magnet
Weight: 2.7 kg 3.9 kg 3.2 kg
Power:
Average¥* 5.0 watts 6.4 watts 5.0 watts
Peak 5.0 watts 16.8 watts 5.0 watts
Advantages: Sensor MIF Sensor MTF 20%Z at 34 1lp/mm

207 at

24 1p/mm

#10% duty cycle of the image section.
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9.4 CAMERA SYSTEM TECHNOLOGLCAL ASSESSMENT
5.4.1 SENSOR. DEVELOPMENT: STATE OF THE ART

The three sensors chosen for the Jupiter orbiter mission are in
various stages of development. Only the Westinghouse-manufactured SEC vidicon
is currently a prodﬁction item. Several models of these tubes are space

qualified, and they have been flown on many missions.

The electrostatic storage camera is still in the developmental
stage. Over the past several years, CBS Laboratories has funded several in-
house research and development programs to test the basic imagé sensing and
storage concepts. As a result, all of the basic components have been success-
fully built and debugged,and a complete camera tube is now being assembled to

demonstrate system performance.

Although the basic charge—coupled device is currently being sold in
sample quantities, it is not yet in a form suitable for space qualification.
Several companies, notably General Electric and Fairchild, are manufacturing
row arrays and small area arrays. However, more development work is needed
in several ﬁroblem areas, namely increased array size, elimination of blemishes,
uniformity of photoresponse, and inéreased transfer efficiency. Adequate
sensitivity, once a problem,has been accomplished by placing a low-noise
preamplifier directly on thé sensor substrate. It appears to be only a matter

of time before the rest of these problems are satisfactorily resolved.
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9.4.2 MISSION PARAMETERS

Each sensor can have many possible combinations of the peripheral
equipment discussed in Section 9.2. However, it is important to carefully
define the mission requirements so that the different systems can be compared.
Whatever the mission, each camera needs a shutter, filter wheel, diffraction-
limited optics, and associated electronics. For the Jupiter orbiter mission,

the need for IMC has been established.

In Tables 9.4 through 9.6, each sensor 1s presented in several
possible configurations, together with weight and power requirements. The
items necessary for the Jupiter orbiter mission requirement listed above have
been selected, and the total weight and power of that system has been calculated.
A section describing each of the systems follows the tables. Tradeoff charts

are then given for various entire systems.

9.4,2.1 Electrostatic Camera System - The components picked for the ESC

system are shown in Table 9.4. The total estimated system weight is 17.45 kg
(38.44 1bs.). The average power usage is 24.8 watts, If it is necessary to
further cut the weight, the 100-mm lens can be used, reducing the total weight
to 15.35 kg (31.81 1lbs.). Both lenses are diffraction-limited, but the larger

lens would be best suited for high-resolution photographs in the low incident

light.

186



TABLE 9-4

ELECTROSTATIC STORAGE CAMERA SYSTEM CONFIGURATIONS

OPTION LIST
Approx. Average
Alternative Configurations Weight Power Benefit
Basic 30 Frame ESC Tube 10.2 Kg 18.6 W Additional ground coverage at

-and Electronics satellites and during flyby

(Electrostatic Focus) missions.

a. Electromagnetic Focus +1.8 Kg +1.4 W Higher resolution than with

with Focus Coil Electrostatic Focus. See
Figure 8-9.

Electromagnetic Focus +1.2 Kg - High resolution with some

with Permanent Magnet additional weight ‘and no power

penalty. Needs development.
2, 100 mm Optics 1.7 Kg -

150 mm Optics 3.8 Kg - Larger diameter optics have
greater light gathering ability -
and improved SNR., Penalty of
added weight and volume.

4. Mechanical Shutter 14 Kgr 0.1 W
‘ (:) Electronic Shutter 15 Kg 0.1 W Both shutters require development.
i Electronic shutter will be more
reliable and will provide shorter
exposures.
6. Mechanical IMC 6.8 Kg 15 W
Electronic IMC 2.0 Kg 6.0 W Electronic IMC will be more
. reliable and will weigh less.
However, it must be developed.
Filter Wheel 0.1 Kg 0.1 W
SYSTEM TOTAL: 17.45 Kg 24.8 W
(Circled Options)
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Several parts of the ESC system in addition to the basic tube need
some further development before they are flight-qualified. Most important
is the electronic shutter for therelectromagnetic image section. A mechanical
shutter is just too slow to take non-smearing pictures from a spinning space-
craft. In addition, an electronic shutter would probably have higher
reliability. So far the electronic shutter has only been used on tubes with

electrostatic image sections.

The permanent—-magnet image section is attractive because of its high
reliability, low weight and zero power consumption. Although prototypes of
this device have been made and tested, further development work is needed

before a space-qualified version is ready.

The most attractive feature of the ESC is its internal storage
capability. Instead of utilizing a 4.5 kg, 10 watt tape recorder with its many
moving parts and subsequently low reliability, the ESC employs an integral,

silicon-dioxide coated drum rotated by a stepping motor.

9.4.2.2 SEC Camera System — The components picked for the SEC camera

system are shown in Table 9.5. The total estimated system weight is 14.05 kg

(30.95 1bs.). The average power usage is 16.2 watts.

All the comments relating to the lens, shutter, and image section of
the ESC system in Section 9.4.2 also apply here. The basic difference is that
the SEC camera does not have a nultiframe internal storage capability (a tape

recorder would be required to store more than one picture).
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" TABLE 9-5

SEC VIDICON CAMERA SY'STEMl CONFIGURATIONS

OPTION

LIST
Approx. Average
Alternative Configurations Weight Power Benefit
’1.) Basic Tube and Electronics 6.8 Kg 10 W Basic tube already developed
(Electrostatic Focus) ' : and space qualified.
a. Electromagnetic Focus with +1.8 Kg +1.4 W | Higher resolution than with
Focus Coil. ) Electrostatic Focus. See
Figure 8-9.
o~ .
QE;' Electromagnetic Focus with +1.2 Kg - High resolution with some
Permanent Magnet. additional weight and no power
penalty. Needs development.
2. 10C mm Optics 1.7 Kg -
TN
LE;) 150 mm Optics 3.8 Kg - Larger diameter optics, greater
' light gathering ability and
improved SNR. Penalty of
added weight and volume.
4. Mechanical Shutter .14 Kg 0.1 W
GE) Electronic Shutter .15 Kg 0.1 W Both shutters require development
: Electronic shutter will be more
reliable and will provide shorter
exposures. .
6. Mechanical IMC 6.8 Kg 15 W
7.) Electronic IMC. 2.0 Kg 6.0 W Electronic IMC will be more
reliable and will weigh less.
However, it must be developed.
8.) Filter Wheel 0.1 Kg 0.1 W
9. Tape Recorder 4.5 Kg 10 W
SYSTEM TOTAL: 14.05 Kg 16.2 W
(Circled Options)
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The advantage of the SEC is that it has been successfully used a
number of times in flight hardware. Thus there would be less unknowns in

this approach than in the other two.

9.4.2.3 ICCD Camera System — Due to the integrated-circuit-type sensor,

the ICCD is the lowest-weight and lowest-power system of the group. The
components of the system are shown in Table 9.6, and the weight and power are

13.35 kg (29.41 1bs.) and 11.2 watts, respectively.

All the comments in Section 9.4.2 concerning the development of the
basic device, the electronic shutter, optics!and image section apply here also.
The main problem in using the ICCD is the method of data storage. Even for
one-frame storage, either a radiative cooler or thermal control is needed.
Thus, if multi-frame storage is anticipated, it is much more convenient to

use a tape recorder and quickly read out the sensor after each exposure.

The big advantage of the ICCD system is its low complexity. Compared
to either of the tube systems, it has fewer moving parts and less electronic
equipment. Its main drawback is the short storage time of the silicon

necessitating thermal control or a tape recorder.
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TABLE 9-6

ICCD CAMERA SYSTEM CONFIGURATIONS

OPTION LIST

Approx.

Average
Alternative Configurations Weight Power Benefit
(EJ Basic ICCD with Electronics 2.7 Kg 5.0 W | Light weight, low power system.
~  (Electostatic Focus) ‘
a, Electromagnetiec Focus with +1.8 Kg 1.4 W Higher resolution than with
Focus Coil . Electrostatic Focus. See
Figure 8-9.
{%:} Electromagnetic Focus with +1.2 Kg - High resolution with some
~" Permanent Magnet additional weight and no power
penalty. Needs development.
2. 100 mm Optics 1.7 Kg -
3:ﬁ 150 mm Optics 3.8 Xg - Larger diameter optics have
- greater light gathering ability
and improved SNR. Penalty of
added weight and volume.
4, Mechanical Shutter .14 Kg 0.1 W
5. Electromic Shutter .15 Kg 0.1 W Both shutters require development|
- Electronic shutter will be more
reliable and will provide shorter
eXposures. *
6. Mechanical IMC 6.8 Kg 15 W
N
iz;) Electronic IMC 2.0 Kg 6.0 W Electronic IMC will be more
reliable and will weigh less.
However, it must be developed.
(8.) Filter Wheel 0.1 Kg 0.1 %
9. Tape Recorder 4.5 Kg 10 W
@?) Radiative Cooler 3.4 Kg -
11. Closed-cycle Cooler .7 Kg 10 w
SYSTEM TOTAL: 13.35 Kg 11.2 W

" (Circled Options)
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9.5 CAMERA SYSTEM TRADEOFFS

In previous sections, different camera types were evaluated, along
with necessary peripheral equipment for the mission under consideration. The
only remaining task is to examine the three complete camera systems chosen and
to choose the system that best fits the mission. In this case the systems
picked out in Tables 9-4 to 9-6 will be rated, with a choice of either electro-
static or electromagnetic focus. This is becéuse the Jupiter orbiter mission
does not require extremely high resolution, and therefore the lower-weight

electrostatic system may be more appropriate.

Table 9-7 shows the weight, power, and resolution of the three
camera systems chosen for the Jupiter orbiter mission. With the exception of
the ESC system, each camera must transmit the previous frame to Earth before
the next picture is taken. There is very little difference in resolution

between the three systems because they are all performance-limited by the

spacecraft spin.

It would be useful if the caméra system used on the Jupiter orbiter
mission could also be used for other similar missions. Such missions would
include outer planet flyb?s and missions with satellite encounters where
multispectral pictures are required. For these missions, it would be important

to have some sort of onboard data storage to obtain the desired photographic

coverage,
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TABLE 9-7

PERFORMANCE TRADEOFFS FOR SELECTED JUPITER ORBITER.' MISSION

CMRA FOCUS - | SYSTEM RESOLUTION* WEIGHT POVER
{urad/pixel} (kg) ()

Electrestatic (ES) 72 16.2 24.8

ESC Elect;omagnetic_(mt) 46 . 18.0 26.2

{30 frames

available) |Permanent Magnet (P 46 1744 24,8
. ES 76 12.8 16.2

SEC EM 59 ' 14.6 17.6
PH 59 14,0 16.2

ES 68 - 12.1 11.2

ICCD EM 50 13.9 ) 12.4
M 50 . ) 13.3 11.2

TABLE 9-8

PEﬁFGRN\ANCE TRADEOFFS FGR OTHER -OUTER PLANET MISSIONS
REQUIRING MULTIFRAME STORAGE

CAMERA FOCUS SYSTEM RESOLUTION* WEIGHT POWER
{prad/pixel) (ke) (w
Electrostatic (ES) ‘ 72 16.2 24.8
ESC Electromagnetic (EM) 46 ' 18.0 26.2
(30 Frames | ’
available) Permanent Hagnet (PM) 46 _ 17.4 24.8
ES 76 17.3 26.2
SEC EM 59 L 19.1 , 27.6
{With
Recorder) P 59 " 18.5 ' 26.2
ES 68 16 .6 21.2
TCCD EM _ 50 18-4 22.4
(With
Recorder) M 50 17-8 . 21.2

*Fog 150-tm lens diameter, 400-mm focal length,D.25-mscc exposure, SNR = 10,
60° phace angle, 1.3:1 contrast, 5-KPM spin rate with 90%-IMC, 130G-Hz bandwidth,
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In Table 9-8, each of the Jupiter orbiter cameras is presented,
including a data storage capacity of at least 30 frames. For the SEC and
ICCD cameras this is accomplished by adding a tape recorder, while the ESC
utilizes its internal recording drum. The resolution of each system is again

presented, along with the weight and power requirements.
9.6 RECOMMENDED TECHNOLOGY IMPROVEMENTS

Based on the results of this study, a number of suggestions are

tendered for further work associated with the camera systems,

] New camera concepts are now being actively
investigated by industry. The electrostatic
Sstorage camera and charge-coupled imagers are
two systems that should be adapted to future
outer planet missions. NASA support in funding
the development of the ESC and ICCD is clearly
indicated by this study._ Active support by NASA
is recommended in order to speed up the avail-

ability of these systems.

® There is a need for additional radiation studies,
especially involving low-energy protons, at ir-
radiation levels approximating those expected at
Jupiter. There is insufficient experimental
evidence available on the susceptibility of the

various camera systems to radiation damage.
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Even existing camera systems may require
additional developmental work to function
adequately on a Jupiter orbiter mission. In
particular, the development of new shutters

may be required in order to achieve the short
exposure times necessary to limit image smear.

The need for shutter design improvement will
depend on the type of shuttering used, the
effectiveness of the IMC system, the type of
sensor and other factors. Existing mechanical
shutters do not operate well in the required

range of 0.0005 to 0.002 seconds and will have to
be improved if they are to be used. An electronic
shutter incorporated into the image section of the
sensor 1s recommended from a reliability wview-
point. While electronic shutters have been
satisfactorily applied to electrostatically-focused
sensors, additional_wofk will be required to im-
plement electronic shuttering in electromagnetic--

image sections.

An image motion compensation system is mandatory.
Although mechanical image motion compensation
systems and associated angular velocity sensors

currently used are satisfactory, they are heavy.
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Alternative methods of IMC should be investigated,
particularly electronic IMC where compensation takes
place within the image section of the tube., Alter-
native methods of sensing the amount of angular
compensation required, including pre-programming

for fixed amounts of correction, should be analyzed.
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SECTION X

COSTS AND DEVELOPMENT SCHEDULES

10.1 INTRODUCTION

‘'This part of the study will investigate the costs and development
times associated with the three types of sensors chosen in Section 7. Both
an overall cost estimate and a relative cost comparison between the three
systems will be supplied. Data on mission operations-and data processing
will not be included in the cost study. All cost figures should be taken

as approximate.

10.2 HISTORIC COST ESTIMATES

Two cost models developed by Goddard Space Flight Center will be
used to estimate the system costs. WNeither one covers television imaging
specifically, but both used together should give a good indication of the
magnitude of costs that will be involved. The earliest study,(40) made in
1966, utilized a data base of 15 optical experiments which were flowm on

unmanned satellites. The experiments were not mentiomed by name, but were

defined as requiring "...significant optical elements..."

(41)

The second study ' i completed in 1971, covers the costs of Yoptical,
infrared, line scanning (Imaging) radiometer experiments for unmanned satellite
missions...” A data base of 12 experiments was used, including the ERTS-A and -B

multi-spectral scanmers.

Both studies, or cost estimating relationships (CERs), as they
are called, use versions of a multiple linear regression program developed

by the Health Sciences Computing Facility at UCLA.
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10.2.1 INPUTS

The cost data in the models cover the design, development and
fabrication of the complete experiment, one prototype and one flight model,
The estimating relationships use combinations of parameters that are readily

available, such as weight, power, volume, lens size, and data rate. The

inputs for each of the systems used are glven in Table 10-1 below.

TABLE 10-1

INPUTS USED IN COST ESTIMATING RELATIONSHIPS

ITEM ESC SECV I1CCD
Field of view 33.7 mrad 33.7 mrad 33.7 mrad
Data Rate ) 16384 BPS 16384 BPS 16384 BPS
(6 bits/word, :
1 channel)
Average Power 33.3 watts 24,2 watts 30.2 watts
Lens Diam, 100 mm 100 mm 100 mm
Focal Length 400 mm 400 mm 400 mm
Path Tolerance 25 u 25 U 250
2 2 2
Scan Mirror Area 450 mm 450 mm 450 mm
Weight 17.8 kg 15.9 kg 16.3 kg
3 3 3%
Volume 0.028 m 0.026 m 0.031m

*Includes tape recorder since the model does
not specifically provide for cooling.
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10.2.2 CER RESULTS

The 1966 study produced much higher costs than the 1971 study, probably
due to its emphasis on optical components. The only such componenﬁs on the
three imagers discussed here are the lens system and scan mirror. For these CERs, the
mechanical IMC described in Section 9.2.3 is used since there is no provision
for electronic IMC . The estimated costs for the three systems are given
below:

67% CONFIDENCE BAND

AVERAGE COST HIGH LOW
ESC | $4.6M $6.2M $3.4M
SEC $4.3M $5.7M ‘ $3.2M
ICCD 54.4M $6.0M _ $3.3M

The 1971 study used a slightly different method of estimation and,
as stated earlier, based the results on more analogous types of equipment.

The average and high and low costs from this study were:

AVERAGE COST HIGH LOW
ESC $1.4M s2.7M $.7M
SEC $1.3M $2.1M $.7M
ICCD | $1,4M $2,5M $.7M )

10.2.3 MAXIMUM CER INPUTS

To get an idea of what the maximum cost of a camera system might be,
the CERs were exercised again'using the largést_values of the parameters,
even though each of these systems would be far too heavy for the Jupiter

orbiter mission.
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*includes tape recorder for the ICCD since the model does not specifically

TABLE 10-2:

MAXTMUM INPUTS TO THE CERs

ITEM ESC SEC ICCD
Field of View 50 mrad 50 mrad 50 mrad
Data Rate 16384 BPS 16384 BPS 16384 mBPS
Average Power** 35.2 W. 26.4 W, 31.4 W,
Lens Diam. 150 mom 150 mm 150 mm
Focal Length 600 mm 600 mm 600 mm
Path Tolerance 25 u 25 u 25
Scan Mirror Area | 1000 rum2 1000 mm2 1000 rnm2
Weight 21.4 kg 19.5 kg 19.1 kg
Volume 0.039 m3 0.038 m3 0.043 m3

provide for cooling.

#%electromagnetic image section with focus coil.

10.2.4

MAXTMUM CER RESULTS

Again ,the 1966 report gave much higher values than the 1971 report.

The estimated costs were

AVG. COST
ESC $6.4M
SEC $6.3M
ICCD $6.2M

67% CONF. BAND

HIGH
$10.0M
$ 8.5M

$ 8.4M

200

Low
$4.7M
$4.7M

$4.6M




The 1971 study results were

AVG. COST . HIGH LOW
ESC $1,62M $2,96M $.82M
SEC $1,55M $2.81M . §$.75M
1CCD $1.56M $2.81M $.79M
10.3 ENGINEERING COST ESTIMATES

To amplify the results of Section 10.2, engineering estimates of
the cost of each camera system have been made(422 Included in the breakdown
are costs of the design and breadboarding, engineering model, prototype model,
bench test equipment,and one flight model. Mission operations and data processing
.are not included in the cost figures, Tables 10-3 to 10-5 show the expected
costs for the ESC eamera, SEG camera,and ICCD camera,respectively.

1t should be emphasized that these figures are merely engineering
estimates. However, they agree in order of magnitude with cost figures given
by people who have managed similar programs for various companies. They do seem

more realistic than the results of the CERs.

10.4 COST COMPARISONS

As a quantitative check, the average costs obtained in Section 10.2
from the CERs should be compared with the engineering estimates from

Section 10.3. Table 10-6 below summarizes this comparison:
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TABLE 10-3

ES5C CAMERA COSTS

First
Engineering Prototype Flight
Model Model Model
Sensor D&D $ 450 K $ 300 K -
Sensor Fabrication $ 350 K § 200 K $ 200 K
Sensor Evaluation 3 200 K 8 400 K 5 200 K
Sensor Equipment $ 200 K $ 100 K -
Sensor Mgt. & Q.C. $ 150 K $ 400 K $ 400 K
Electronics D&D 5 150 K $ 50K -
Electronics Fabrication $ 100 K $§ 250 K § 250 K
Electronics Test & Q.C. $ 40K $ 100 K $ 150 K
IMC & Elec. Shutter $ 300 K $ 150 K § 50K
Optics Des. & Proc. $ 40K $ 30K $§ 30K
Customer Interface $ 200 K $ 100 K 8 100 K
Subtotals: $ 2.18 M $ 2.08 M $1.38 M
TOTAL SYSTEM COST: m
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TABLE 10-4

SEC CAMERA COSTS

First
Engineering Prototype Flight
Model Model Model
Sensor D&D - - -
Sensor Fabrication 5 200 K $ 100 K § 50K
Sensor Evaluation $ 50K $ 100 K $ 50K
Sensor Equipment $ 100 K $§ S0K -
Sensor Mgt. & Q.C. $ lOO.K $ 200 k $ 200 X
Electronics D&D $ 100 K $ 30K -
Electronics Fabrication $ 80K $ 150 K $ 150 K
Electronics Test & Q.C. $ 40 K 5 100 X $ 100 K
IMC & Elec. Shutter $ 300 K $ 150 K $ 50K
Optics Des. & Proc. § 40K 5 30 K $ 30K
Customer Interface § 200 K $ 100 K $ 100 K
Subtotals: $ 1.21 M $ 1.01 M $ .73 M
TOTAL SYSTEM COST $ 2.95 M
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TABLE 10-5

ICCD CAMERA COSTS

First
Engineering Prototype Flight
Model Model Model
Sensor D&D $ 600 K $ 400 K -
Sensor Fabrication $ 200 K $ 100 K $§ 50K
Sensor Evaluation $ 200 K $ 400 K -
Sensor Equipment 8 400 K § 100 K -
Sensor Mgt. & Q.C. 5 150 K $ 200 K $ 200 K
Electronies D&D $ 100 K $ 30K -
Electronics Fabrication $ 80K $ 150 K $ 150 K
Electronics Test & Q.C. $ 40K $ 100 K $ 100 K
IMC & Elec. Shutter $ 300 K $ 150 K $ S50 K
Optics Des. & Proc. 8§ 40K 5 30K $ 30K
Customer Interface $ 200 K $ 100 K $ 100 K
Subtotals: $2.31 M $ 1.76 M $ .73 M
TOTAL SYSTEM COST: 3 4.8M
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MODEL COST COMPARISONS

TABLE 10-6

1966 Study Engineering 1971 Study
Avg. Inputs Max. Inputs Estimates Avg. Inputs Max. Inputs
ESC $ 4.6 M $ 6.4 M $ 5.6 M $ 1.4 M $ 1.6 M
 SEC $ 4.3 M $ 6.3 M $ 3.0 M $ 1.3 M $ 1.6 M
ICCh $ 4.4 M $ 6.2 M $ 4.8 M $ 1.4 M $1.6 M

The reasons for the large variations are, in part, due to the fact
that the models only took into account the average costs of previous systems.
Thus ,the small cost needed to further develop the SEC was not accurately
differentiated from the large research and development costs needed for the
ESC and ICCD cameras. The reason for the low results of the 1971 Study is
This examination of the cost data indicates that the engineering

not known.

cost estimates should be more accurate than the CER results.

10.5 DEVELOPMENT SCHEDULES
Listed below are approximate development schedules for the three
cameras. These cover the period from the initial contract date to the

delivery of the flight model to the spacecraft contractor, and also allow

for six months of customer interface after delivery. The ESC system schedule

is shown in Table 10-7, the SEC vidicon in Table 10-8, and the ICCD.in Table 10-9.
The SEC camera would require approximately 20 months_to deliver; the ESC and

ICCD systems about 36 months.
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TABLE 10-7

ESC CAMERA DEVELOPMENT SCHEDULE

EVENTS

12

18

MONTHS
24

30

36

42

CONTRACT AWARD

ENGINEERING MODEL:

DESIGN & DEVELOPMENT

FABRICATION

TESTING

SYSTEM OPERATIONAL

PROTOTYPE MODEL:

DES1IGN & DEVELOPMENT

FABRICATION

TESTING

DELIVERY

FLIGHT MODEL:?

FABRICATION _
TESTING _
DELIVERY AV

CUSTOMER INTERFACE
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TABLE 10-8

SEC VIDICON CAMERA DEVELOPMENT SCHEDULE

EVENTS

18

MONTHS
24

30

36

42

CONTRACT AWARD

ENGINEERING MODEL:

NDESIGN & DEVELOPMENT

FABRICATION

TESTING

EE—
I

SYSTEM OPERATIONAL

PROTOTYPE MODEL: °

DFESIGN & DEVELOPMENT

FABRICATION

TESTING

DELIVERY

FLIGHT MODEL:

FABRICATION
TESTING *
DELIVERY VvV

CUSTOMER INTERFACE
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TABLE 10-3

ICCD CAMERA DEVELOPMENT SCHEDULE

EVENTS

MONTHS
6 12 18 24

30

42

CONTRACT AWARD

ENGINEERING MODEL:

DESIGN & DEVELCPMENT

_

FABRICATION

*

TESTING

_

SYSTEM OPERATIONAL

PROTOTYPE MODEL:

DESIGH & DEVELOPMENT

FABRICATION . h
TESTING E——
DELIVERY VY

FLIGHT MODEL:$

FABRICATION —
TESTING _
DELIVERY W

CUSTOMER INTERFACE




APPENDIX A

CAMERA MODELING

Al INTRODUCTION

Detailed analytical models for the candidate camera systems are
developed in this appendix using the basic relationships established in
Section 3. The analytical signal-to-noise-ratio models for all of the
candidate camera systems are shown.

A.2 DEVELOPMENT OF ANALYTICAL PEAK-SIGNAL-TO-RMS~-NOISE MODELS FOR
SELECTED CANDIDATE SENSORS

A.2.1 ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR SIT-SEC-Si0, VIDICONS

These vidicons incorporate a photocatﬁode and a target exhibiting
a charge gain mechanism. Light imaged onto the ﬁhotocathode generates
electrons which in turn are accelerated toward the target. Upon striking
the target, they initiate a galn mechanism which causes the primed surface
of the target elements on the read beam side to discharge by an amount equal

to the charge delivered to that target element times the gain of the target.

During readout, the surface of the target facing the read electron
gun ig primed to the cathode potential of the gun. This repriming process
generates a modulated current In the target (output) circuit which is pro-

portional to the charge pattern established on the target.
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A.2.1.1 OQutput Signal Current - As discussed in Section 3.2.1.1,

Equation (3-5), the current density leaving the photocathode of the camera,
can be determined from the integral of the product of the spectral response
of the detector, the input flux at the image plane, and the spectral
transmission of the detector optics. For a given exposure time, te’ the
charge density, Qin’ delivered to the target from the photocathode is given
by the expression

t WS t cosad
e p

- p L w _
Qin B 4ref? fo WPty dr (a-1)

The amount, Qd, by which a resolution element on the target is

discharged is equal to

Qd = GtAQin (couls/res. ele.) (A-2)
or
GtAteWéSpthose ©
Qd - 4refe Jo WAPAtohgde (a-3)
where
Gt = gain of the target
A = area of a resolution element (metersz)

For the case where the area of the read beam is equal to the area
of a resolution element, a fraction, n_, of this charge is replaced during

readout in a time, At, where At is -approximately equal to-gg (B = video bandwidth).
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The current, Ii’ generated in the target circuit by this readout
Process is given by the expression
En G At W 5 t_cost
ct ep

p_L ;o

Qd
= 2rZfe o NPt

i ='EE = dA (A-4)

I

The signal, S, corresponding to this output current (Equation 3-23)

is then
S(RK) = 20 1 _(K)T; : (A-5)
or
M1 (K)Bn G At W S t _cosd
sER) = 2B LS PR L " uP 0 dh (A-6)
A.2.1.2 Output Noise Current — The noise sources associated with these
image tubes are |
. Quantum (image) noise
™ Noise associated with the gain mechanism of
the target
e Shot noise in the read beam
™ Shot noise in the target dark current
'] Thermal noise of the load impedance
® Shot noise in channel current cf the preamp

field effect transistor (FET)

Each source of noise will now be discussed in detail.

NOTE: 1In discussing thé development of the analytical models, the assumption
has been made that the area of the read beam, A, is equal to the area of the
resolution element, A. When Ay # A, A must be replaced by 4, in the analytical
models. -
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A.2.1.2.1 Quantum (Image) and Target Noise Terms - The charge density

delivered to the target from the photocathode is given by equation (A-1) above.
The number of electrons striking a resolution element is then

AQd AteWpsptLCOSG -
557 f, W,Pt,,0,9% (electrons/res. ele.) (A-7)

e 4er

where

electronic charge.

o]
I

Assuming Poisson statistics, the RMS fluctuations in this number of
electrons is the noise, which is associated with the image. As in the case

of the signal, these noise electrons are multiplied by the gain of the target.

In addition, the target contributes its own noise. If the assumption
is made that the randomness of the gain process can best be described in
terms of g Poisson distribution, then this noise contribution can be taken into

account by multiplying the image noise by the factor FG where

G, +1 %
Fo = | ~— (A-8)
t

Thus, the number of noise electrons, Nd, asgociated with the

discharging of a resolution element onm the target is given by the expression

G+1\ At WS t
os6
t enp L® ] L
G _
a = Gl G, her 2 Ly B a0 ] (4-9)

=
I

It

(noise electrons/res. ele.)
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or, expressed in terms of a noise charge, Qnd’

e(G +1)G At W S t_cosb
Q =[ i t eppl meP
nd 4ref? o} AT A

t -
£or93 0] (A~10)

(couls/res. ele.)

As with the signal, a fractien, n.s of this noise charge is replaced during
readout in a time, At = 1/2B, assuming that the area cﬁ the read beam is equal

to the area of a resolution element.

Therefore, the noise current associated with the input signal is

Qnd (Gt+l)GteAteWPSPt cosé

- L @ el
e Bnc[ TF7 fo WAPltokOAdl] (amps) (A-11)

While the quantum noise is not reduced by the response of the entire
imaging system, it is reduéed by a correction'factof, B, which is a measure
of the equivalent noise bandwidth(As). This bandwidth is determined by the
modulation transfer funetion of certain system components. In the above
analysis, the MIFs of the target and read beam will result in a smaller noise

current being observed at the output, The corresponding correction factor, B,

is given by the expression

B =~11€ IOK ]TTI(K)TR(K)|2 K’ (A-12)

where TT(K) and TR(K) are the responses of the target and readout section
respectively and K is the spatial frequency at which the signal and noilse is

being observed.
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Therefore, the output noise current, i,, resulting from the input

i
signal is
(G, +1)G _eAt W S t_cos8 1 '
_ t t eppl b 2 -
ii = BBnC[ —7¢7 IO wlPltaAgldA] {amps) (A~13)
A.2.1.2.2 Readout Beam Shot Noise - The current 1i generated in the target

(output) circuit by the read process is given by Equation (A-4) above. This
current, originating from the read electron gun, has a shot noise component

given by the expression

%

ir = (ZeIiB) (A-14)

where ir is the shot noise current due to the read beam.

By combining equations (A-4) and (A-14), the shot noise in the read

beam can be expressed as

eancGtAteW§SPthose - 1
=1 rYs To WErEqydA] " (amps) (A-13)

A.2.1.2.3 Target Dark Current Shot Noise - During the read process a

second current, ID’ is observed in the output. This current is the result of
the dark current in the target. While this current does not contribute to the

output signal, it does contribute to the noise in the signal. Its noise current

. 5
i is equal to (2eIDB) .
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A2.1.2.4 Thermal Noise of Load Impedance - The thermal noise current, it’

generated by the output load impedance of the device is given by the expression

i, = (ﬁ%§§> * (amps) (A-16)
where

k = Boltzmann's constant

T = absolute temperature

RL = load impedance
A.2.1.2.5 Shot Noise in Channel Current of Preamp Field Effect Transistor

(FET) - The preamp chosen for this model utilizes a low noise junction field
effect transistor. The shot noise current, iS, due to the channel current of

the FET is given by the expression

<8eIFB302 *
is = “?%;Z"" (amps) (A-17)
where
IF = FET channel current
C = total shunt capcitance to ground
&, " FET transconductance
A,2.2 ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR THE SEC VIDICON

WITH AN IMAGE INTENSIFIER

When an image intensifier having an effective gain, GI, (see Section

A.2.10) is used on this image tube, the following modification must be made

to the corresponding signal-to-noise model:
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The output signal & is increased by the gain of the
intensifier and decreased by the MTF, =< (K), of the
intensifier.

GIMDTS(K)BncGtAteW S those -
* S(K) = —rr——L-F f,7 WPyt _,0,dA (amps) (A-18)

*NOTE : TS(K) now includes the MTF of the intensifier.

The output noise current, iy, associated with the input
signal (quantum noise) 1s modified as follows:

In a manner similar to that discussed in Section A.2.1.2.1,
the noise associated with the signal photoelectrons generated
by the photocathode of the image intensifier can be given by
the expression

L

AteWpSp't cos8 e
= " -
Nd [ horlf? IO WAP t O' dA] (A 19)

in units of noise electrons/resolution element

where tgA transmission of image intensifier (II) fiber
optic facepladte.

wn
I

II photocathode sensitivity (couls/joule)
Gi = the relative spectral II photocathode response

Expressed in terms of noise charge, Qnd’ the noise asso-
ciated with this signal 1s

eAteﬁbSP'tLCOSB 1 :
e fo WP th o d)] (A-20)

Qnd

(couls/res. ele.)
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This noise charge is amplified by the intensifier in the
same manner as the signal. When it is accelerated across
a potential difference of V, within the image section of
the intensifier, it has an energy of Quq(Vy, - Vg) joules
at the phosphor surface, since QpqVq joules of energy were
lost in penetrating the conductive coating on the phosphor.

The resulting energy (light) output of the phosphor then
passes through the fiber optic endplate of the intensifier
and the fiber optic faceplate of the vidicon, and reaches
the photocathode. At the photocathode of the vidicon, this
light energy, which is associated with the noise charge
generated at the photocathode of the image intemsifier,
(quantum noise), is converted back into an electronic charge,

U

This amplified noise charge is given by the expression:

_Qqn Qnd(va Vd)LpSp'ro 0A¢ltohtpldA (a-21)
where
L = peak monochromatic output of the phosphor (joules/
P joule/nm)
¢l = relative spectral output of the phosphor
tél = gpectral transmission of the intensifier fiber
optic faceplate
toh = gpectral transmission of the vidicon faceplate.

Substituting expression (A-20) for Q,4, this amplified
quantum noise charge is equal to

eAteWPtLS;cos6 - 1
- "ot
R S Sy WE D0
% (Va Vd)LPSPI0 0A¢ktoktoldl couls/res. ele. (A-22)

This quantum noise charge can be traced through the camera
in a manner identical to that described in Section A.2.1.2.1.
The resulting output noise current, ij, assoclated with the
input signal is given by the expression .
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_ s ® ' A
1, = BZBnc[Gt(Gt+l)]_(Va Vd)LpSpIO 0,0, t0,t.,d

EAtewptLS;COSB - 1
" ]

< 1 4rlf? fo Wlpktokck di]
Only in the case where S5 = 8,', 0, = 0)' and

= ' = " —_
toA t ol t on? does equation (A-23) reduce to

1, eAteWEFLSEFOSB - 1
i, = B2Bnc[(Gt+1)(Gt)] GI[ oy . WAPAtDAUldA] (A-24)

where GI = effective gain of the image intensifier.

] The amount of read beam current required for readout is
increased by the factor Gy. This increases the shot 1
noise current i, in the read beam by a factor of (GI) .

GIean G At W S t_cos®
ct epp

~ L o %
ir [— rs) fo WAPAtoAUAdA] (amps)
® The remaining noise terms described in Section A.2.1.2 remain
the same.

The complete analytical peak-signal-to-EMS noise expression for
the SIT—SEC-SiO2 vidicons and the SEC vidicon with an image intensifier
is presented in Section A.2.12.

A.2.3 ANALYTICAL PEAK-SIGNAL-TQO-RMS~NOISE MODEL FOR SILICON AND

SLOW-S5CAN VIDICONS

The signal-to-noise model of the silicon vidicon and slow-scan
vidicons are obtained in the same way as the SIT-SEC-SiO2 vidicon model
discussed above. However, since a photoconductor is used in these image

tubes (replacing the photocathode and target), the expressions for the
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signal and the signal-related noise take a somewhat different form.

v

For a given exposure time, the photoconductor is discharged by

the amount, Qd, where

et AW t_cosé
e p L

Qd T T 4her?f?

fo AWAPAtOAnAdh (couls/res. ele.)

Having converted the image into a charge pattern on the photo-
conductor, the expressions for the output signal and noise currents

associated with these image tubes are developed in a manner identical to

the development of the SIT—SEC-—SiO2 vidicon signal-to-noise model described

in Section A.2.1.

The complete analytical peak-signal-to-RMS noise expression for

the silicon and slow-scan vidicon is presented in Section A.2.12.

A2.4 ANALYTICAL PEAK~SIGNAL~TO-RMS-NOISE MODEL FOR SILICON AND SLOW-

SCAN VIDLCONS WITH IMAGE INTENSIFIERS

When an image intensifier having an effective gain, GI’ is used

(A-26)

on the silicon and slow-scan vidicons, modifications similar to those discussed

in Section A.2.2 must be made to the corresponding signal-to-noise model:

] Using the definition of G presented in Section A.2.11,
the output signal of the intensified vidicon 1is equal
to the output signal of the unintensified vidicon multi-
plied by Gy and the response of the intensifier:

GIteMorS(K)BnCeAWpthose -
Tg? Jo MBS

8(K) = n, di

AA

her

where, rS(K), now includes the response of the intensifier,
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. The output noise current, ii, associated with the input
signal (quantum noise) 15 modified in a manner similar to
that described in Section A.2.2. However, since both a
photocathode and a photoconductor are being used, the
expression for the output noise current takes the form

i, = BZBnc(n+1) v fc ¢At c}tohlnAdA
eAteWPtLSP'cosB - 1
11
x | Y. fo WAPAtvoldl} (A-28)
. The amount of read beam current required for readout is

increased by the factor, Gr. This increases the shot
noise current, i., in the read beam by a factor, (Gp) *.

G.t B?n e2AW t_cos6
I'e c p

_ L w 5
1= —— Jo APt n dA] (A-29)

. The remaining noise terms for the intensified silicon and
slow-scan vidicons are the same as those presented in the
signal-to-noise model for the unintensified silicon and
slow-scan vidicons.

A.2.5 ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR RETURN BEAM VIDICON

In a return beam vidicon, that portion of the read beam that does
not go into charging the target elements follows a return path to the read gun
where it is collected by an electron multiplier. This method of obtaining the
video signal results in the following modifications to the signal-to-noise

model presented for the silicon and slow-scan vidicons.
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A,2.5.1 Output Signal Current - A fraction of the signal from the

target is lost due to the presence of a field mesh in the readout section of
the tube. The remaining portion of the signal is multiplied by the gain, GM’
of the electron multiplier. The mathematical expression for the signallof
the return beam vidicon is

GtM1 (K)t Bn eAW t_cos8
oS f e p

_ M e L o _
S(K) = -y I AW Pt o n, d (amps)  (A-30)
where t. is the transmission of the field mesh.
A.2.5.2 Qutput Noise Current
A.2.5.2.1 Quantum (Image) Noise — The field mesh and electron multiplier

have the same effects on the quantum noise current as they do on the signal
current. As with the signal, the expression for the quantum noise current of
the silicon and slow-scan vidicons is multiplied by the transmission of the
field mesh and the gain of the electron multiplier. The expression for the

quantum neise current, iqn’ thus becomes:

t B2n 2e2AW t_cos@ 1
pL o "3
/APt nAdA] (amps) (A-31)

- 2. 2a2
1 [GM tf B2 (n+1) hersf< o} AT A o

qn

A.2,5.2.2 Read Beam Shot Noise - Due to the dark current in the photoconductor

and the reflection of a portion of the readout beam at the surface of the
photoconductor, a current somewhat greater than the signal current must be used
in a return beam vidicon. The required read beam current, (as measured at

the plane of the photoconductor), must be larger, by a factor of 1/m, than the
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signal current, IS, being read out.
"beam modulation factor".

is therefore equal to

2eISB
£

o 1% (amps)

1

The quantity, m is defined to be the

The corresponding noise current In this read beam

(A-32)

Since the return beam current, E————]IS, passes through the field mesh of

the readout section, a partition noise term must also be added.

The resulting

expression for the noise current, ir’ assoclated with the read beam thus becomes:

2eISB l—mb
)tf2 + 2et (1-t.) (?)ISB]

2 - 2
i, Gy [¢

ZethsB

TGy ) eyt

(amps?)

2¢1- 2n2
or - GM (1 Mb+Mbtf)tfe B ncteAWPthose

T mbhcrzf2

i fo
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ATA oA

(A-33)

nldk (amps?) (A-34)



A.2.5.2.3 Noise due to Electron Multiplier - The electron multiplier in

the return beam vidicon also contributes to the noise current. For a return beam

tf(l—m)IS

current equal to , the noise current, ie’ associated with the

electron multiplier is given by the expression

) GMQ[Zetf(lﬂmb)IsB
e mb(ﬁm-l)

[ N
i

S

=]

2 2n2

t _(l-m )e®B“n_t AW t_cos8
. L

L b e B — T E e, d (amps?)  (A-35)

mb(Gm—l)hcr
where Sm = secondary emission yield of the first dynode of the electron

maltiplier.

The expression for the thermal noise of the load impedance and the
shot noise in the channel current of the preamp FET are the same as in the

analytical models already discussed.

The complete analytical peak—-signal-to-RMS-noise expression for the

return beam vidicon is presented in Section A.2.12.
A.2.6 ANALYTICAL_PEAK*SIGNAL—TO—RMS-NOISE MODEL FOR THE IMAGE ORTHICON

The image orthicon is similar in operation to the return beam vidicon.
The significant difference is that instead of a photoconductor, the image

orthicon has a photocathode, an image section with a collector mesh of transmission
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coefficient, tm’ and a thin insulating target. Secondary emission at the
target is the pre-readout gain mechanism employed in this type of tube. The
complete analytical peak-signal-to-RMS-noise expression for the image

orthicon is presented in Section A.2.172.

Most of the terms in the signal-to-noise model for the image orthicon
(I0) have been developéd in detail in either Section A.2.1 (SIT-SEC-SiO2 Vidicon
Model) or Section A.2.5 (Return Beam Vidicon Model) and consequently will not
be repeated here. The secondary emission noise at the target, however, has

not been previously discussed.

A.2.6.1 . Noise due to the Secondary Electron Emission of the Target - For

a charge density, Qd’ striking the target from the photocathode, an amount of

charge, Qd', is removed from each resolution element. This Qd' is equal to

Qd' = AGth (couls/res. ele.) (A-36)
or

_ Aﬁth

Q' = - (electrons/res. ele.) (A~37)
where

Gt = secondary emlssion ratio of the target.

If Poisson statistics are assumed, the mms fluctuation in this

number of electrons, qg» is equal to

AGth s
i e {electrons/res. ele.) (A-38)
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However, for some materials, the fluctuation in the seconda;y
electron emission cannot be described using Poisson statistics. A more
general expression for the rms fluctuations in the secondary electrons

emitted from the target is

88 0, 2
qg ~ [(K-ét) — ] (electrons/res. ele.)
; . . {(48)
where, «, defined by Timm and Van der Ziel , 18 a characteristic of the

target.

These noise electrons can be expressed in the form of an output
noise current contribution In the same manner as the noise associated with

the image (quantum noise).
A.2.7 ANALYTICAL PEAK-SIGNAL~-TO-RMS-NOISE MODEL FOR THE IMAGE ISOCON

Since the image isocon is very similar in operation to the image
orthicon, its signal—to—noise'model is also quite similar. However, the
ability of the image isocon's readout section to separate the scattered and
reflected portions of the return beam requires the introduction of certain
factors into the model.

. The factor, ag, is defined to be the "scatter gain"

of the isocon readout.(45) The scatter gain is the
ratio of that portion of the read beam current

scattered during readout to that portion of the
read beam current collected by charging the target,
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° The factor, Kg, is a signal reduction factor.(as)
This factor takes into account the effect of the
field mesh in the readout section and the reduction
in signal due to the incomplete separation of the
scattered electrons from the reflected electrons.

. The factor, Kp, takes into account the fact that a
certain portion of the reflected beam is not separated
out from the scattered beam(45). as a result, a "dark
current" is observed at the output of the image
isocon. The noise in this dark current contributes
to the overall tube noise. MWeasurements have shown
the dark current Ij to be proportional to the signal
on the target, i.e.,

_ KD (8 t—l) BAtethPSpt cosb

L o
S wprp toAUAdA (amps) {A-40)

ID 2r-fe o A A

Using these additional factors, the development of the analytical
signal-to-noise model for the image isocon is similar to the development of
the signal-to-noise model for the image orthicon. The complete model is
presented in Section A.2.12.

A.2.8 ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR THE ELECTROSTATIC

STORAGE CAMERA

The electrostatic storage camera differs significantly from the
other sensors being considered. From the standpoint of developing a
signal-to—noise model, the principal difference 1s the method by which the
output signal is obtained. While the other sensors use charge replacemeht
or charge transfer to obtain an output signal, the ocutput signal in the
electrostatic camera is obtained by analyzing the energy of secondary
electrons generated at the dielectric storage surface by a high-energy

read beam. Since the energy of these secondaries 1s a function of the surface
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potential of the target elements from which they originate, the output
signal corresponds to the potential variations on the storage target produced

by the input (photoelectron) signal.

A.2.8.1 Output Signal Current - As in the case of the SIT-SEC-510,
vidicons, a charge density, Qd’ is delivered to the storage target from the
photocathode. The charge density is proportional to the exposure, i.e.,
t WS t cosb
epp

- L e 2 _
Qd = 42 E2 fo thktokokdl (couls/meter<) (A-41)

The amount, AQd, by which the surface of the storage target is

discharged is
- 2 (A
AQd G Q4 (couls/meter<) (A-42)

The corresponding change in surface potential, AV, is equal

to AQ/C*, or

Gtt WS those o s
AV = —E 2L ;PP WP.t Lo.dA (A-43)

Ck4r<f? 0 TATATOXNTA

" where C% is the capacltance per square meter of the target.

When the read beam having a forward current, Ib’ scans the storage
target, a return beam of magnitude Gth is obtained (dt = gecondary emission
ratio of the target). Variations in the amount of this return beam current,

Al, passing through the energy analyzer are related to variations in the target
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potential, AV, by the readout characteristic slope. That is,

AL = I ignal = m  Iphv (A-44)

where m is the slope of readout characteristic.

The electron multiplier then amplifies this signal by the

multiplier gain factor, GM'

After taking into account the reduction in signal due to the MTF
of the system, TS(K), and the input modulation, Mo’ the signal in the

electrostatic camera is given by the expression:

Loignal = 2T (K) (Gms T, AV)
M 8 G t S cos
- Sole 0 Ez]irgffmp R fo. WiBrEy0ydh (amps)  (a-45)

A.2.8.2 Output Noise Current - fhe noise sources associated with the
electrostatic storage camera are:

. Quantum (image) and target noise

o Dielectric target charging noise

L Read beam shot noise

® Secondary emission noise of dielectric target

. Energy analyzer partition ﬁoise

o Electron multiplier secondary emission noise

. Thermal noise of the load impedance

]

Shot noise in the channel current of the preamp FET
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A.2.8.2.1 Quantum (Image) and Target Noise Terms — For a given exposure

the amount of noise charge Qnd stored on one resclution element of the target’

is given by

. } {(Gt+1)GtEAt?WpSptLCOSB
nd 4refe

s, WAPAtokokdl] (A-46)

- (couls/res.ele.)

This equation, which takes into account the noise contribution of
the target, i1s developed in the discussion of the SIT—SEC-SJ’.O2 vidicon signal-

to-noise model (Section A.2.1.2.1).
This noise charge corresponds to a noise voltage, Vnd’ where

.
v . =29 (yolts) | (A-47)

nd ~ C*A

This noise voltage is converted into an ocutput noise current, ind’
"in the same manner as the signal voltage on the target is comverted into

‘an output signal current, i.e.,

(T
I

nd = S8t nd _ (a-48)
or ‘
GMmS I (G_+1)G_eAt W S t. cosb s
. - t b t t Tepp L = L _
Tha T TC*A 4r212 SO WPt 0, dA]” (amps)  (A-49)

As was discussed in Section A.2.1.2.1, a correction factor, B8, must
be included in the quantum noise expression. This factor takes into account
the fact that the quantum noise contribution to the overall noise of the

sensor will be reduced due to the MIFs of the target and readout sectiom.
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A.2.8,2,2 Dielectric Charging Noise during Readout - During readout, the

surface potential of the target is shifted to a more positive value (assuming
ét > 1). This causes additional fluctuation or noise in the surface potential
of each resolution element. These voltage fluctuations are the result of

current fluctuations in the primary read beam and in the return beam.

Since the noise in these two currents is fully correlated, the
resulting fluctuation, vnc’ in the surface potential of a resolution element

is given by the equation

%

v L {At[2el (6 ~1)2B+2e(x-5 )8 I B]} (A-50)

nc = C*A
where k 15 defined in Section A.2.6.1 and At is the dwell time of the read

beam on a resolution element.

If the video bandwidth, B, is selected so that the dwell time of

the read beam on a resolution element is equal to 1/2B, then

1 er(Gt--l)2 + er(K-Gt)Gt ¢
ne  C¥*A [ 28 : ]

<
]

'1 - el [1+(k-2)8 1%
= T*A { 7B 1 (volts) (A-51)
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As with the quantum noise voltage, the noise voltage due to target

charging is converted into an output noise current:

Gyms I er[l+(K-2)5t] % , _
nc  C*A 2B b (anps) (32

i

A.2.8.2.3 Read Beam Shot Noise — The shot noise in the read beam is

'amplified by the secondary emission yield at the target. The shot noise current
in the return beam is therefore equal to 6t(2erB)%. Since the energy analyzer
pérmits only a fraction, a, of the return beam to enter the electron multiplier,
the output noige current, ir, due to the shet noise in the read beam can be

.expressed as

:'Lr = GMaét(éerB).15 (amps) (A-53)

A.2.8.2.4 Secondary Emission Noise of Dielectric Target ~ The rms
fluctuations in the secondary gmigsion current, Gth, would ﬁe equal to
(2e6thB)gi provided Poisson statistics could be assumed. Since, however, the
fluctuations in the secondary electron emission of some materials cannot be
described using Poisson statistics, a more general expression for the noise
current associated with the secondary emission current takes the form
[2e(x-6t)6thB]%. As with the read beam shot noise current, a fractiomn, a,

of this noise current enters the electron multiplier. The output noise curreant,

is, due to secondary emission at the dielectric target can thus be expressed
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as
i, = GMa[.'Ze(n»c-ﬁt)(SthB];i (amps) (A-54)

A,2.8.2,5 Energy Analyzer Partition Noise - At the energy analyzer, a

portion, a, of the return beam passes through the energy analyzer while the
remaining portionm, l-a, is rejected. The value of a is determined by. the
potential of the tarpet element where the return (secondary) beam was generated.
This return beam separation results in a partition noise current, ip’ at the

sensor output, where
1
- - 2 -
ip = GM[Ze(l a)adthB] (amps) (A-55)

A.2.8.2.6 Electron Multiplier Secondary Emission Noise - The development

of the expression for the noise contribution of the electron multiplier is
the same as that described in Section A.2.5.2.3, with the current entering the

electron multiplier as aGth.

The complete peak-signal-to-RMS-noise model for the electrostatic

camera system is presented in Section A.2.12.

A.2.9 ANALYTICAL~-PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR THE CHARGE-COUPLED
IMAGER AND INTENSIFIED (PHOTOEMITTER) CHARGE-COUPLED DEVICE
Both the charge-coupled device target(zo) and the intensified charge-
coupled device target consist of arrays of closely-spaced metal electrodes

that overlap an insulator deposited on a uniformly-doped semiconductor substrate.

Silicon is normally used as the substrate,
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Light from the scene results in a corresponding pattern of charge
being collected in potential wells under the electrodes. In the case of the
CCD, this charge pattern 1is generated directly by photons at the silicon
farget {photoconductivity). In the ICCD, a photocathode converts the light
into photoelectrons which génerate electron-hole pairs within the silicon.
These "charge packets" are collected under each electrode and are transferred
during readout by manipulation of the voltages. that constrain them. When they

reach one end of the device, an output shift register removes them sequentially

from the silicomn.

A.2.9.1 Output Signal Charge — As in the other sensors that have been

discussed, the amount of charge, Q, generated at each target resolution element

is given by

t eAW t_cosb
= P

- L - ,
Q= 2P g— /.7 W Pyndh couls/res. ele. (for the CCD) (A-56)
and
G.t AW S_t_cosd
= te PP L <«
Q 4rl£2 IO WlphtochdA

couls/res. ele. (for the ICCD) (A-57)

If all the charge in each packet reached the output of the device,

the output signal Qs would be

QS = 2MOTS(K)Q {(couls/res. ele.) {A-58)
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However, a certain fraction, Ec’ of this charge is lost during
each transfer. If n transfers are required in order for a particular
charge packet to reach the output, the ocutput signal in that charge packet
will have been reduced to:

M (K)AeﬁptLtecosB

Qo 8 =
QS (l—nac) ThorlEl fo AWAPAnAdA {(A-59)

couls/res, ele. (for the CCD)

and
MOTB(K)AGtteWpSPthose -
= - b} -
QS (1 nEC; 2r2f2 fO WAPAtOAUAdA (A 60)
couls/res. ele. (for the ICCD)
A.2.9.2 Output Noise Charge - The noise sources associated with the

CCD and ICCD are:

e Quantum (image) and target noise
. Dark current noise
. Interface state noise
'Y Shot noise in channel current of preamp FET
° Thermal ncise of preamp input impedance
A.2,9.2.1 Quantum (Image) and Target Noise - The expressions for the

quantum target noise are very similar to those presented in other signal-
to-nolse medels. In the case of the CCD and ICCD however, the signal and

noise terms are being expressed in terms of charge rather than currents,
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The expressions for the quantum target noise, Qqn’ thus becomes:

Bz(n+1)e2AWptLtecose‘ - Lo ,

o A"‘Gl

Qqn L 4herf? 7y lwlPhnldR] ( )
coul/res. ele. (for the CCD)

and »

B2(G +1)G, t eAW 5_t cosf
_ t ‘“te ppoL ® k- -
Qqn = = 4rifs fo FAPAtOAGAdR] (a-62)

coul/res. ele. {for the ICCD)

A.2.9.2.2 Dark Cutrent Noise - In both the CCD and ICCD, the dark current

across a resolution element of the target adds shot noise to the signal. Noise
charge resulting from this dark current is added to a signal charge packet both
during the integration (exposure) time and during the time required to read out

a given signal charge packet.

For an integration time, T,

integ’ the amount of noise charge added to

‘ , L )
a signal charge packet is equal to (2eIDTinteg) .couls, where ID is the dark

current per resolution element.

1f the time required to transfer a signal charge packet from its

original location to the output p-n junction is %L » Where n is the number
c

of transfers required and Bc is the clocking (transfer) frequency, then the

amount of shot noise charge added to a signal charge packet during the
2enI \ %

readout time is B

c

couls.
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A.2,9.2.3 Interface State Noise - Due to the presence of interface states

within the target, minority carriers in a potential well are subject to random

capture and emission. The spectral density of the mean-square minority carrier

charge density fluctuation Sq(w) is given by the expression

S UJ) -
q(

N (E) =

i

T =
y

-0t

For(e P i)/'ry

Sq(w) varies as m-z.

4KTN _(E)A e? _ ot _
= < [tan 1(mrye P i)-tan l(mry)]

o_w
P

number of interface states per unit volume
per unit energy as a function of energy.

area of the MIS capacitor formed by the metal
electrode~insulator-silicon overlap

radian frequency

parameter characterizing the tunneling probability

(i.e., P(y) = e_uPy, where ¥ is the distance from
gilicon into transition region)

thickness of the interface tramnsition region
time constant of interface state at y = 0

-1
<y < l/Ty, Sq(m) varies as w . For w > l/ry,

As with the dark current, the interface states add noise to the

signal both during the integration period and during the readout period.

Integrating Sq(m) over

the appropriate frequency intervals results in the

(A-63)

follewing expressions for noise charge contributions, 4. s due to the interface
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states:

kTN, (w YA e
q (integration) = | L integ ¢ In ¢ 1 )]
n o W, T
P integ v
4kTR (w, YA e?
+ t ;nteg C ];5 (A—Gzl)
P
kTN (w YA e®n
_ t e e 1
qn(readout) = [ " in (m - ) +
p R 4
4KTN, (w )A e?n ,
e ee 1% o4, <L (A-65)
o c T
P ¥
4kTN (w YA en -
_ N Ay 1 i}
qn(readout) = [ p— 1% if w, > 7 (A-66)
pcy ¥
A,2.9.2.4 Shot Noise in Channel Current of Preamp FET - As in the other

sensors discussed, the channel current of the preamp FET will contribute shot

noise charge, 9, FET? equal to

3r2 2
~ iFET _ SeIFB C y ZeIFBC 1
U rpr - 9B =( 4825 2 )* = (——>)° (couls) (A-67)
m gm
where
iFET = shot noise current in IF

237



A.2.9.2.5 Thermal Noise of Preamp Input Impedance - Since the output of
the CCD and ICCD has an impedance of the reverse-biased output diode
(generally ~ 1015 ohms), the thermal noise due to this load impedance is
insignificant. However, the input resistor of the preamp, in parallel with
the load impedance, will contribute a thermally-generated noise charge. This

noise charge is equal to (kT/RiB);‘i couls, where Ri is the impedance of the

input resistor.

The complete analytical peak-signal-to-RMS noise models for

both the CCD and ICCD are presented in Section A.2.12.

4.2.10 GAIN CALCULATION OF IMAGE INTENSIFLERS FOR USE IN ANALYTICAL MODELS

A.2.10.1 Determination of Gain of Image Intensifier to be used with the

SEC Vidicon - The image intensifier consists of a fiber optic faceplate,
photocathode, image (accelerating) sectionm, phosphor, and fiber optic endplate.

The photoelectron current density, I, resulting from the image plane irradiance

is equal ro

W tLS'cose -
3 " ] -
I hrlf fo WAPltOAUldA (A-68)

These photoelectrons are accelerated across a potential difference,
Va, within the image section. At the phosphor surface, they have an energy
of e(Vawvd) electron volts. That is, the input power density to the phosphor

1s equal to I(Va-Vd) watts where IVd represents the energy lost by the electrons

in penetrating the conductive coating of the phosphor.
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1

The light output of the phosphor reaches the photocathode of the
BEC vidicon éftér passing through the fiber optic endplate of the intensifier
whagd the fiber optic faceplate of the vidicon. The resulting photoelectron

. current density, It, reaching the SEC target is thus

= —_ ® ' . -
I I(Va vd)LpSpfO ¢}\t0?\t0?\d)\d?\ (A-69)

Substituting Equation (A-68) for photoelectron current density in

. _the above equation gives

W'tLS "cosd -
I = TR - ® '
¢ = a7s Sy WByth03dM] [V UL S, 6yt0,t0,0,dM
(a-70)
Without the image intensifier, the photoelectron current density,
‘lI't, would be equal to
Wt S cosd .
' = 2L S WPt o, dA
t = Thelf o "aFatea% (A-71)
The gain, GI’ of the image intensifier is, therefore, defined to
i be
1 g1 - b "o ot @ v
o -t pLP(Va VS W R tho, TdAS g, tT Lt 0, d)
I IE - ;e ' (A-72)
o MPatar%dA
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If we assume that Sp = Sp , 0.= o.' and toh= t.ckg tHOl’ then the

gain becomes

= - « 2 -
GI = (Va Vd)Spr fo ¢1toA oldk (A-73)

4.2.11 DETERMINATION OF THE GAIN OF THE IMAGE INTENSIFIER TO BE USED

WITH THE SILICON VIDICON AND SLOW-SCAN VIDICON

A derivation similar to that discussed in Section A.2.10.1, leads to
an expression for the gain of an image intensifier used with a vidicon having

a photoconductor.

Since a fiber optic faceplate must be added to the vidicon, the
spectral light intensity striking the photoconductor is similar to the case
for the photocathode device. If monochromatic quantum efficiencies, n, sare
used to express the efficiency of the photoconductor, this spectral light
intensity (generally expressed in watts/mz/nanometer) must first be converted
into photons/nanometer, The corresponding current, Ipc’ generated in the

photoconductor is therefore equal to

_ I(Va-Vd)L e ;

Tpe = he o "t oatortnydt (4-74)

240



By substituting Equation (A-70) for, I, we obtain

W t,S' cosb v -v )L e
- L e " 1 _____,___P._ t )\ dx
e LA TG

(A-75)

In a silicon or slow-scan vidicon tube having no- intensifier, the
current I'pc generated in the photoconductor would be equal to

W tLecose .
pe = e T2F f W P Ankdk (A-76)

L]
I AT

The effective gain, GI’ of the image intensifier is then defined

to be
114 1]
. - . SiL G-V 270 WAPAt o, dAI 3 Eas Egp Ay A (A=77)
11
pc f WlPl RnAdA

A.2.12 ANALYTICAL PEAK-SIGNAL~TO-RMS-NOISE MODELS FOR SELECTED CANDIDATE -
SENSORS

The analytical peak-signal-to-RMS-noise models developed in this

section are presented in Eqdations (A-78) through (A-87).
A.2.13 ANALYTICAL MODEL PARAMETERS

Definitions of the parameters used in these models and in the
development of these models, and the Fortran symbols which are used in

Appendix B,are presented. -
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SIT VIDICON - SEC VIDICON - Sinz VIDICON

MOTS(K)BncGtAteWpSchcose

ve

on
212 To WE T, (4-78)
BZn G At W S t coss B2n 2eG At WS tcoso 1/2
=== 4 + 2
+ 2el,B ) Ty WPt di+ B2(G +1) r I WBE db
Target Read Beam Quantum (Image)
Dark Shot Noise Noise
Current
Shot
Noise
SILICON VIDICON - SLOW SCAN VIDICON
Mors(K)BnceAtewEthosa P Pt mdh
her?£? ) ATATorTA {(A-79)
2, o2 2, 2.2 1/2
B*n _e*At W t _cogé : B‘n_“e<At W _t_cosf
+ 2L B+ —S—&PL ;" ,up ¢ n.dh+ BZ(ntl) c . &RL ;P it .ndr
D herZf? o “atatea n her? 7 o “afateaM
Target Read Beam fNuantum (Image)
Dark Shot Noise Noise
Current
Shot

Nolse



INTENSIFIED SEC VIDICON

(A-80)
M T (K)Bn GtGIAt W s thDsB -
I, WPt d
r2fF2 Q AATo
SNR= 2 1/2
8eLl BC B2 n_eG G At W 5 ¢t cosB eAt W t S'cosd
4kTB t I rp L = = [ L o«
+* ] 2 ____B.Z_ZL
[ 3::;2 + 'y 2311)13 + erZ APkt A + {(G +1)G ][ZBBn L 5 (v vd)fo Ul¢ltoltold‘\] ( s — 7, wlrktol A )
Preanp load Target Read Beam . . Quantum (Image)
FET Shot Imped-  Dark Shot Noise Hoise
Noise ance Current
Thermal Shot
Noise  HNoise
[N
o .
bt : INTERSIFLED STILICOW VIDICON - INTENSIFIED SLOW-SCAN VIDICON
(A-81)
. MBTS(K)BnCeAteWpthose
- _ her? £+ fo AW, Pyt dd
SNR = = TS ” ) 2 ' 1/
8eI B3¢ G,t_B2n_e?AV t_coab (ZBBn el v -~V eAt W c 5'cos0
4kTE I'e” ¢ pL . . d © ' “__iL{P%LE"u__
I: P + R, + 2eI B + e o AR 8 am R (1) e I, 9ttt irlE fo W, P, £, 0,d)
‘ ) !
Preamp Load Target Read Beam _— Ouantum {Image}
FET Shot Imped-  PDark Shot Noise Noise
Noise ance Current :

Thermal Shot
Noise MNoise



Vad4

RETURN BEAM VIDICON

Mots(K)GMBtfnceAteWthccsﬁ P @
her<f< o "aFator
SNR @ = 73
BeIFB C e (1 ) ten BeAt W t_cosd
4kTB 2 " 2. 2. 2 e'p L -
gl TR * 26 e"[mb(a ot m S+ g2t 2]\ —piie— 7w py e 0 ak
m
Presmp Load Electron Read Quantum
FET Shot Imped- Multiplier Beam (Image)
Noise ance Shot Noise
Thermal Nolse
Noise
IMAGF ORTHICON
HOTS(K)GMBtf(Gt-I)AtmteWptLFosB Tt urt @
r<fs 0 A Aok
S¥R = s - 1/2
BeIFB c? t (5 -1)(l-m ) t (6, ~1) BAt £t W S t cosh
+ &xTB £ b £°¢ 2, 2 ‘vale 2 2 meppL *
gmg - RL + 2GN eB ( mh(dm-l) + mb + B Ff (x Gt)6t+6 tf (6t 1) _Zr 3 IO wlPltohdA

Preamp Load Electron Read Beam Secondary Fmission Quantum
FET Shot Imped-~ Multiplier Shot Noise Noise,at Target (Image)
Noise ance ' TNoise

Thermal
Noise

(A-82)

(A-83)
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IMAGE ISOCON

MOTS(K)GMBKBG(Gt—l)AtmteﬂpSptlFose Pt WDe o _ (A-84
rlf? o ATAToA"A
SNR = ' - 172
Bex.B3c2 8, ~1) (K+1) : BAE t W S t_cosb
F 4KTE 2 £ - - 2 24 2{en p 2, 2¢5 —1)2 Zepp L w
3m£ + %, + 2 eB[KBua o1 + K K (6 ~1)4K o (8 ~1)+B%K “a_°(x~8 )& +B°K_“a .-0 ] CTvry: S, WR it ,0,d
Preamp Load Electron
FET Shot Imped- Multiplier ) Separation Read Secondary Emission Quantum
Noise ance Dark Current Beam Hoise at Target {Image}
Thermal ;:z: Nolse
Noise ©
ELECTROSTATIC CAMERA SYSTEM
(A-85
HOTB(K)GﬂmﬁthGFtetthSpcose Cupt o
2CHpfL “o ATATeATA
SeIFB3c2 aé ms I el, [1+(k-2}6 ] eC At t W S cos8 ' 1
4KTB t b b t t e 1p p%%%
o+ + 2 L "I 2 .2 21 - +[ 2 2 I e PP
27 R, Gy 2erB{6m_1 + 828 ? + a?[k-6 16 + a[l-a]§ I [i]2d 75 + 82[6 +1]f YT AR RA RN
B !
Preamp load  Read Modified By ‘Dielectric Charging .
FET Shot Imped- Beam Electron Mult. Secondary Energy Noise during Readout Quan ;:iéimage)
. Nolse ance Shat Mult. at Emission  Analyzer
Thermal Noise Noise Read- Nolse Partition
Noise Out of Noise

Dielectric



CHARGE COUPLFD TIMAGFR

MOTS(K)eAterthose

Zher<fe fo AP e 0, A

1
Qe AEACaaM

SNR =

2
kT . 2BIFBC Z2en

t X4y e?Ar W t cosd
KB -——2—-gm + 2eIDT1ut +

ID 1/2 (A-86)
5 + B2(n+1) (—221—42“ s .ro“’ WAPA%A“A“’X

i c

Preamp Treamp Interface Target bark
Input FET State Current
Imped—-  Shot Noise Nolge
ance Nolse

Thermal '
Nolsge

Quantum (Image)
Koise

INTENSIFIED (PROTOEMITTER) CHARGE COUPLED IMAGER

HDTS(K)GtACteﬂPSPtLFosB St o o
2r<f? ‘ o

(1-ne ) A a%on%

SHR =

T ZeIFﬂcz Zenl

(A-87)
. . D, o, (thActeprpthose - 172
R,E ——-z—sm I+Y¥+ 2eIDT1nt + B +8 (G=+1) I 2

4refe o “ﬁpltoldkd

Preamp Preamp Interface Target Dark
Input FET State Current
Jmped- Shot Noise Noise
ance Noise
Thermal
Noise

Quantun (Image)
Noilse

a
4

kIN 2
X = ( t(minteg)Ace ) 1n ( 1 )+ 4k’mt (“':I.t-nzeg}At:&2

a

m1ntegTy P

kTNt(wc)Acezn 1 4KTR (w YA e2n
Y = 5 lnu'r + t_c ¢ {For w <-1—)
P ey @

P c T

~

) 4KTN (mc)Acezn - 1
apwcty o w, * T )

y
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¥

LIST OF ANALYTICAL MODEL PARAMETERS

TEXT PROGRAM
SYMBOL SYMBOL
A AELEM
A AELEM

c
Ab ABEAM
A SMEAR
m
a A
a

Qo
‘I‘S
[+

P
« ALP
B BAND
BC BC
b

T
b
8 ‘BB
By
C CcS
C* C
CR CR
¢ C
D

DESCRIPTION
AREA OF ELEMENT

AREA OF. CCD MIS CAPACITOR
AREA OF READ BEAM
RESOLUTION ELEMENT AREA
SMEAR IN IMAGE PLANE

FRACTION OF RETURN BEAM PASSING
THROUGH ENERGY ANALYZER

LENGTH OF THE SEMIMAJOR AXIS
SCATTER GAIN OF IMAGE ISOCON TARGET .

PARAMETER CHARACTERIZING TUNNELING
PROBABILITY ‘

SILICON ABSORPTION ' COEFFICIENT AT

WAVELENGTH OF INTEREST

VIDEO BANDWIDTH
CLOCK (TRANSFER) FREQUENCY
BIT RATE

TARGET STORAGE CHARGE

NOISE BANDWIDTH CORRECTION FACTOR
NOISE CORRECTION FACTOR '

CAPACITANCE (PREAMP SHUNT CAPACITANCE)
CAPACITANCE PER UNIT AREA (TARGET)
CONTRAST RATTO

VELOCITY OF LIGHT

- OPTICAL LENS DIAMETER
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hertz
-1
sec

bits/sec

electrons/
res. ele.

Farads
2
Fargdslm

3 x 108m/sec

m



TEXT PROGRAM
SYMBOL SYMROL
Dh D
D

5
d D
d - DP

P
8 SET

t
& SEM

m
.

E

max
E .
min
AR
E

4]

e Q
£ EC

cC
e

0
)

n QE
QEP
QEPC

DESCRIPTTON
HOLE DIFFUSION CONSTANT IN n-TYPE SILICON
DIAMETER OF RIGHT CIRCULAR CYLINDER
DIAMETER OF ELECTRON BRAM

ONE HALF CENTER TC CENTER SPACING
OF DIODES

SECONDARY EMISSION YIELD OF TARGET

SECONDARY EMISSION YIELD OF FIRST DYNODE
OF ELECTRON MULTIPLIER

THE AVERAGE LEVEL OF LIGHT INTENSITY
MAXIMUM INTENSITY OF LIGHT
MINIMUM INTENSITY OF LIGHT

DIFFERENCE OF MAXIMUM AND MINIMUM
LIGHT INTENSITY

ELLIPTIC INTEGRAL OF THE FIRST ORDER
ELECTRONIC CHARGE

FRACTION OF CHARGE CAPTURED FROM ONE
PACKET AND EMITTED INTO TRAILING
PACKET

ECCENTRICITY OF THE ORBIT

MONOCHROMATTIC QUANTUM EFFICIENCY
INTEGRAL QUANTUM EFFICIENCY
QUANTUM EFFICIENCY PEAK

RELATIVE QUANTUM EFFICIENCY OF
PHOTOCONDUCTOR
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UNITS

mzlsec

W/m
W/m
W/m

W/m

-19
1.6 x-10

couls

electrons/
proton

electrons/
proton

electrons/
proton



TEXT PROGRAM
SYMBOL' SYMBOL
F FOC
F, FT
F

[a]

L

F FLUX
pe |

F FLUX

v
f FNUM
N AP20
Gy 6S20
6; GSSV
G, Gsv

1
¢ G
Gy GM
GR
G
GRS
G, GT
g
GMFET
ALT
H
I CURD

DESCRIPTION

FOCAL LENGTH
SCENE NOISE FACTOR
INPUT FLUX DENSITY AT IMAGE PLANE

INPUT FLUX (OR FLUX DENSITY) .

INPUT FLUX (OR FLUX DENSITY) AT PHOTOCATHODE

RATE OF FLUX OF PHOTONS
F-NUMBER OF OPTICAL SYSTEM
RELATIVE SPECTRAL OUTPUT OF PHOSPHOR

IMAGE INTENSIFIER ZURRENT GAIN WHEN
COUPLED TO AN $-20 PHOTOCATHODE '

IMAGE INTENSIFIER CURRENT GAIN WHEN
COUPLED TO A SLOW SCAN VIDICON

TMAGE INTENSIFIER CURRENT GAIN WHEN
COUPLED TO A SILICON VIDICON

TMAGE INTENSIFIER CURRENT GAIN
GATN OF ELECTRON MULTIPLIER

SPATTAL FREQUENCY EQUIVALENT TO
ONE PIXEL SMEAR

GROUND RESOLUTION

SMEAR IN GROUND PLANE

GAIN o TARGET .

ENCODING PRECISION

FET TRANSCONDUCTANCE

SPACECRAFT ALTITUDE Asoﬁﬁ PLANET SURFACE

PLANCK'S CONSTANT

.DETECTOR OUTPUT CURRENT DENSITY

249

UNITS

W/m2 .
.

W (or W/m™)

W (or W/mz)

photons/sec

lp/mm

bits/pixel
amp/voit

m

=34
6f62 x 10 1

*g5ec

amps /m2



TEXT PROGRAM
SYMBOL SYMBOL
Ii
Ib BEAM
ID IDARK
IF IFET
IS SIGSYS
I
pC
I 1
PcC
id UDARK
i UMULT
a
ii
i
nc
ind
ir UREAD
i
8
it UAMPY,
i
P
UBEAM
UANAL
UDIEL
UQUANT
ULOAD
USCENE
K SPAT

DESCRIPTION

CURRENT FROM TARGET

READOUT BEAM CURRENT
DARK CURRENT

FET CHANNEL CURRENT

SIGNAL CURRENT

PHOTOCONDUCTOR CURRENT WITH IMAGE
INTENSIFIER

PHOTOCONDUCTOR CURRENT WITHOUT IMAGE
INTENSIFIER

TARGET DARK CURRENT SHOT NOISE

NOISE CURRENT ASSOCIATED WITH ELECTRON

MULTIPLIER

OUTPUT NOISE CURRENT ASSOCIATED WITH
INPUT SIGNAT

OUTPUT NOISE CURRENT DUE TO Ve
OUTPUT NOISE CURRENT DUE TO Voa
SHOT NOISE IN READ BEAM

SECONDARY EMISSION NOISE CURRENT
THERMAL NOISE CURRENT

PARTITION NOISE .CURRENT

READ BEAM SHOT NOISE (ESC)

ENERGY ANALYZER PARTITION NOTSE (ESC)

DIELECTRIC CHARGING NOISE DURING
READOUT (ESC)

QUANTUM (IMAGE) NOISE
PREAMPLIFIER FET SHOT NOISE
QUANTUM (IMAGE) NOISE

SPATIAL FREQUENCY
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UNITS

amps

amps

2
amps or amp/m

amps
amps

amps
anps

amps

amps
amps

amps
amps
amps
amps
amps
amps
amps
amps

amps

amps
amps
amps

lp/mm or
eycle/mm




K

TEXT PROGRAM
SYMBOL SYMBOL
K

s
k BK
k DK
K
L LA
a
L, LB
L 10

O )

L PP20

P
A WAVE
m M
oo
MIBF
MTF
Ma(K) TAVA
Mi(K?

M TSCENE

o
Md(K) TMA
Ny
Np
Nt(E)

DESCRIPTION

SIGNAL. REDUCTION FACTOR

IMAGE ISOCON INCOMPLETE SEPARATION

FACTOR

BOLTZMANN'S CONSTANT

DIELECTRIC CONSTANT

VAN DER ZEIL'S CORRECTION FACTOR

" FORMAT SIZE

THICKNESS OF THE N-TYPE REGION
PLUS WIDTH OF DEPLETED REGION

. THICKNESS OF UNDEPLETED REGION

DIFFUSION LENGTH

PEAK MONOCHROMATIC OUTPUT OF PHOSPHOR

WAVELENGTH

SLOPE OF READOUT CHARACTERISTIC

BEAM MODULATION FACTOR

MEAN TIME BETWEEN FATLURES

MODULATION TRANSFER FUNCTION

AVAILABLE AERTAL IMAGE MODULATION

IMAGE MODULATION

OBJECT MODULATION (SCENE)

THRESHOLD MODULATION (EXCLUDES AVAILABLE
TMAGE MODULATION FROM SNR CALCULATION)

NOISE ELECTRONS ASSOCIATED WITH
DISCHARGING A RESOLUTION ELEMENT

TOTAL NUMBER OF FATLURES

NUMBER OF INTERFACE STATES PER UNIT
VOLUME PER UNIT ENERGY AS A FUNCTION

OF ENERGY

251

11.38 x

UNITS

107°° 3/%

- m

W/W/m
m

amp/amp/volt

sec

ele/res. ele.

m-3jou1e_l 



TEXT PROGRAM

SYMBOL SYMBOL

Nt(W

integ) NTL
Nt(Wc) NTCL

n

PA
r AJUP

PIX

GFET

DESCRIPTION

NUMBER OF INTERFACE STATES

ASSOCTATED WITH W,
integ

NUMBER OF INTERFACE STATES
ASSOCIATED WITH Wc

AVERAGE NUMBER OF PHOTONS /RESOLUTION
ELEMENT'

NUMBER OF TRANSFERS OF CHARGE PACKET
READOUT CONVERSION EFFICIENCY

NUMBER OF RESOLUTION ELEMENTS
FREQUENCY OF LIGHT FROM SCENE

PHASE ANGLE |
GEOMETRIC ALBEDO (JUPITER)

PIXEL

DESIRED CONFIDENCE LEVEL OF MTBF
CHARGE DENSITY

CHARGE REMOVED FROM EACH RES. ELEMENT
CHARGE FOR FULL TARGET CAPACITY

INPUT CHARGE DENSITY FROM PHOTOCATHODE

NOISE CHARGE ASSOCIATED WITH THE
INPUT SIGNAL

NOISE CHARGE AT PHOTOCATHODE OF THE
IMAGE INTENSIFLIER

OUTPUT CCD SIGNAL CHARGE

NOISE CHARGE

NOISE CHARGE DUE TO FET CHANNEL
CURRENT
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UNITS

m“:'ljcoulle_l

1:11—3j0u1e-1

photons/res.ele

sec

radians

couls/res.ele

couls
couls/res.ele
couls/m2

couls/res, ele
couls/res. ele

couls

couls

couls




TEXT PROGRAM
SYMBOL SYMBOL
q
R
R
e
| RESP
R RI
R, RJ
R RL
R SPIN
8
r AUJ
S (K) SIGSYS
s g -
v
snear
SNR(K)  SNR
SNR_ SNRL
s . $20P
P
S 1
P
S (W
q( )
s
v}
SNRAIM -

. DESCRIPTION

NOISE ELECTRONS FROM EACH RESOLUTION
ELEMENT

STLICON REFLECTIVITY AT WAVELENGTH
OF INTENSITY

RELIABILITY

RESPONSIVITY OF DETECTOR

INPUT IMPEDANCE OF PREAMPLIEIER..
RADIUS OF PLANET

OUTPUT LOAD IMPEDANCE

SPACECRAFT SPIN RATE

SUN-PLANET DISTANCE IN ASTRONOMICAL
UNITS (JUPITER) .

OUTPUT SIGNAL

SURFACE RECOMBINATION VELOCITY
HOLES AT THE ILLUMINATED SURFACE

TMAGE SMEAR
SIGNAL-TO-NOISE RATIO

LIMITING THRESHOLD SIGNAL-TO-NOISE
RATIO '

PEAK MONOCHROMATIC RESPONSIVITY OF -
THE DETECTOR (S-20)

INTENSIFIER PHOTOCATHODE SENSITIVITY
SPECTRAL DENSITY OF THE MEAN-SQUARE

MINORITY CARRIER CHARGE DENSITY
FLUCTUATTONS

- OPTICAL SIGNAL

SIGNAL-TO-NOISE RATIO (EXCLUDES

AVAILABLE AFRTIAL IMAGE MODULATION
FROM SNR CALCULATION) ~
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UNITS

electrons/
res. ele

“amp /W

ohms

ohms
rpm

AU,

amps

mzlseé

amp /W

coul/J

coul

W/m‘



TEXT PROGRAM

SYMBOL SYMBOL
SIGAVA
o
GA RS20
1
%y
integ
T TEMP
Tp
™
T
0
tL TL
tm
t EXPT
e
£ apt
e
tl T1
t2 T2
ti L
tf TF
tol
]
toA
"
toA
At

DESCRIPTION

SIGNAL (EXCLUDES AVAILABLE AERTAL IMAGE
MODULATION FROM SIGNAL CALCULATION)

STANDARD DEVIATION

RELATIVE SPECTRAL DISTRIBUTION
OF DETECTOR S$-20

RELATIVE SPECTRAL RESPONSE OF
INTENSIFIER PHOTOCATHODE

INTEGRATION fEXPDSURE) TIME
TEMPERATURE (KELVIN)

TOTAL SYSTEM TEST TIME
THRESHOLD MODULATION
SPACECRAFT ORBITAL PERIOD
TRANSMISSION OF OPTICAL SYSTEM
TRANSMISSION OF COLLECTOR MESH
EXPOSURE TIME

OPTIMUM EXPOSURE TIME

TARGET THICKNESS
TARGET-TO-MESH SPACING
THICKNESS OF INTERFACE TRANSITION REGION

TRANSMISSION OF FIELD MESH

SPECTRAL TRANSMISSION OF SENSOR FACEPLATE

SPECTRAL TRANSMISSION OF INTENSIFIER
ENDFPLATE

SPECTRAL TRANSMISSION OF INTENSIFIER
FIBER OPTICS FACEPLATE

READOUT TIME

254

UNITS

amps

sec

Sec

sec

sec

sec

Sec



TEXT PROGRAM
SYMBOL SYMBOL
T(K)

Tsen(K) TCAM
TS(K) TSYS
TlenS(K) TLEN
TIM(K) TMOT
IT(K) TTAR
TiS(K) TIS
TR(K) TELB
rrrec(K) ’
Ti(K) TI1I

TFIB -
TMES

o PAD
c)

v
TH{K) TLD
TD(K) TDS
TE(K) TFS -
T TS

¥
v k'

a
Vd VF

DESCRIPTION

RESPONSE FOR SINE WAVE OF K CYCLES/MM
MIF OF SENSOR

MTF OF SYSTEM

MTF OF LENS

MTF DUE TO IMAGE MOTION
MTF OF TARGET

MTF OF IMAGE SECTION -
MIF OF READOUT BEAM

MIF OF RECORDER

MTF OF INTENSIFIER

MTF OF FIBER OPTICS

MTF OF TRANSMISSION MESH
éHASE ANGLE

FIELD OF VIEW

MTF OF SILICON TARGET DUE TQ LATERAL
HOLE DIFFUSION

MTF OF SILICON TARGET DUE TC DIODE
SPACING (

MTF OF SILICON TARGET DUE TO FIRST SCAN
EFFECT

TIME CONSTANT OF INTERFACE STATE FOR
Y=0 SEC (WHERE Y= DISTANCE FROM
SILICON INTO TRANSITION REGION)

IMAGE INTENSIFIER ACCELERATING VOLIAGE

DEAD VOLTAGE LOST IN PENETRATING PHOSPHOR
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UNITS

degrees

radians

volts

volts



TEXT PROGRAM

SYMBOL SYMEOL
v
AV
Vs
vnd
v
ne
v
p
W SIRP
P
Wl RSIR
w
iy
P
w WC
c
minteg
Wg
“tot
X X
x2
x H
Y Y

DESCRIPTION

AVERAGE SPACECRAFT VELOCITY

CHANGE IN TARGET SURFACE POTENTTAL

“VELOCITY OF IMAGE WITH RESPECT TO

OBJECT

NOISE TARGET VOLTAGE CORRESPONDING
TO NOISE CHARGE, Qnd

CHARGING NOISE VOLTAGE
DUE TO TARGET

VELOCITY OF SPACECRAFT AT PERIAPSIS
PEAK SPECTRAL DENSITY OF INPUT FLUX

RELATIVE SPECTRAL DISTRIBUTION OF
THE INPUT FLUX

RADIAN FREQUENCY
ANGULAR VELOGITY OF SPACECRAFT AT PERIAPSIS
CLOCK (TRANSFER) RADIAN FREQUENCY

INTEGRATION RADIAN FREQUENCY

SPIN ANGULAR VELOCITY

RELATIVE ANGULAR VELOCITY OF THE
SPACECRAFT WITH RESPECT TO JUPITER
AT PERIAPSIS

INTERFACE STATE NOISE CONTRIBUTION
DURING INTEGRATION TIME (CCD)

CHI-SQUARE VALUE OF 2N_ + 1 DEGREES
OF FREEDOM OF CONFIDENEE LEVEL Pc.

SECONDARY EMISSION NOISE FACTOR

INTERFACE STATE NOISE CONTRIBUTION
DURING CHARGE TRANSFER (CCD)
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UNITS

kn/sec
volts

m/sec
volts
volts

km/sec

W/mzfnm

rad/sec

rad/sec
rad/sec
rad/sec
rad/sec

rad/sec

cou132

couls



APPENDIX B

PREPARATION OF COMPUTER PROGRAMS

B.1 INTRODUCTION

Computer programs have been developed for the signal-to-noise-
ratio models of the candidate imaging systems and were used to perform the
parametric analysis in Sections 7 and 8. These programs were written in
FORTRAN IV for interactive use on the Computer Sciences Corporatiom

Univac 1108 computer timesharing system.

This appendix presents the computer programs. First, the SIT
vidicon model is used as a'representative example to illustrate how the
models have been structured. Coﬁputational flow diagrams for the SIT
vidicon main program and subroutines are shown:along with a 1ine;by—line
description of the program. Samples of the input and output are included,
as well as a symbolic listing of the programs for all of the camera systems.

A symbol list showing both text and FORTRAN symbols is given in Appendix A.

B.2 COMPUTER PROGRAMS

The analytical models for the camera systems have been written in
FORTRAN IV computer language. A separate main program exists for each
sensor type. Subroutines common to several camera models were used whenever
possible to simplify the programming task. A list of the main pfograms
and subroutines along with a'bfief statémgnt of the purpose of each is shown

in the Computer Program Summary Matrix, Figure B-1.
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COMPUTER PROGRAMS SUMMARY MATRIX

SUBROUTINES

MAIN PROGRAMS

W -« z
Sl & 2] %1k
SIE|21E|B| 2
2l & fe
NAME S TR -3 T PURPOSE
SEC  VIDICON CAMERA (1)
SECV (2) | X X | X X ANALYTICAL MODEL.
SIT  VIDICON CAMERA
siTv X I % ANALYTICAL MODEL _
RETURN BEAM VIDICON
RBY X X ANALYTICAL MODEL
SILICON VIDICON ()
sl X 1 ANALYTICAL MODEL
| ] SLOW SCAN VIDICON (1)
{ s i
el * o * _ ANALYTICAL MODEL ;
T H
i T ER i
ESC (2) X [ x oL x 1 X ELECTROSTATIC CAMERA |
. i ANALYTICAL MODEL. -
T '
= , ! SILICON DIOXIDE VIDICON
SOV S AR ANALYTICAL _MIODEL
. ! , S CHARGE - COUPLED DEVICE ;
cee : ¥ ;
ANALYTICAL MODEL ;
P ' INTENSIFIED CHARGE-COUPLLL:
ICCOEFR (2) | A ; 1 X | DEVICE ANALYTICAL. MODEL
E'u?
5 |y 23
> > z O
b m : a ‘£ 5k = Y (1) WITH OR WITHOUT
gtx‘ % & G|Y gz E
4 o'): g % v @ IMAGE INTENSIFIER
':a 51y 30CE3 STAGE
5213514 2/83/3%
AlLzlsElzEE 2 xY
o4 |8y £ 23S NP rl (2} MAGNETICALLY FOQUSED
& o 53 f‘ ﬁ.‘ﬂ Zim %. CAMERA PROGRAM: °
Slegidg gl Sz | ESCME
3o |3SE|SE|48{3&] SEC MF
3 Sd|3R 8|9 x »
S gzg 28,38 reeo
58 BIERSA O A
o . i U R S
- FIGURE B-1
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Mozt of the programs representing models of the camera systems
are quite similar in structure., Therefore, in order to avoid repetition,

only the SIT vidicon model will be discussed in detail.
" B.3 SIT VIDICON COMPUTER PROGRAM

A description of the SIT vidicon program includes the main program
SITV and the associated subroutines IRWATT and MTFAVA. The signal-to-RMS-
noise expression for the SIT vidicon,Equation(B—l),illustrates how the sub-

routines are used to calculate the various terms.

Calculated by Ca%culaged by
Main Program Subroutine
SITV IRWATT

/ - .
' M t,(K)Ba O m: K :Leosa
: :£1 AN
Bel 2% o 320 6G/Ac V.5 ¢ cosd bn, 2eC At M8 Speom 12
~ir—+1;+2““* e r 1.7 w2 e ) 826 ) \fg Ieﬁﬂ%ﬁ

SIT VIDICON MODEL

where,

M Tg(K) = @T ) TLENs (@ Ty BT (K15 (K)

A\

Calculated. by
Subroutine
MTFAVA
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SITV is the call name of the main program for the SIT vidicon.
It controls the bulk of the input/output statements and performs the signal-
to-noise ratio and threshold modulation calculations. The subroutine IRWATT,
which is common to all camera programs that utilize photoemissive cathodes,
calculates the integral expression shown in equation (B-1}.
Actual computation requires taking the integral of the product of several
wavelength-dependent factors, including the input flux at the image plane,
the geometric albedo of the plamet, the transmission of the fiber optics,
and the detector spectral response. MTFAVA calculates the available aerial

image modulation transfer function, which combines the MTFg due to the lens

assembly, image motion, and the image modulation.
B.3.1 SIT VIDICON FLOW DIAGRAMS

Computational Flow Diagrams for SITV and subroutines IRWATT and

MIFAVA are shown in Figures B-2 and p~3.
B,3,2 SIT VIDICON PROGRAM DESCRIPTION

A symbolic listing of SITV and its subroutines are given,

A brief line-by-line description for SITV and its subroutines will clarify

the construction of the program.
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FLOWCHART ~ SITV PROGRAM

NPT ¢
EXPT, SPIN, PAD, FOC,
AID RAD,FNUM, CR, BAND

DATA — — =W DO K=, 4 >
Tis(=), TELB(K), TFIB(x) 1 ,
TLO(k), TOS(K), TFS(K) PRINT

| | 7w, Tos(9,TES(K), M)
- TTARK)TELB(x), TRIB(K),

l 5 TEAM(K), TSYS(K), RE(K),
|| ™00, TMA(K), SNR(K),
SHRAM(K), SPAT{K),
S168YS (K), SIGAVA(K), |
UNOISE (), USCENE (K) |
| "y
l ' L—+—rCmTamuE |

(eru \RWATT ) Y

. & ‘ . PRnMT'-',
(caL  mTFAVA ) - UREAD, UAMPL, ULOAD,
| UDARK

INITIALIZE ..
SNRL, Q, GT, AELEM, - !
IDARK, D, TEWP, GMFET, . {
BX, RL, IFET, CS, RE. | {

e o e s

CALOULATE ;

PA, SIGRT, UDARK, Al, . | ——J——HTOP |

UREAD RA, ULOAD, UAMPL

‘ ,
I—-—-——-—-r<b0 K= 4 > ' | | .
‘ Y .

CALCUWLATE
SPAT(k), BBP, TTAR (),
USCENE(K), UNOISE(K),

‘ o

i Orrional Rzt
|

|| Toam(, Tevs(0), sieavAty

1

|

|

USE ' SHOW 'COMMAND
TO PRINT INITIALIZED
VALUES OF INTCREST,

Siesys(e], SNRAIM(K), BE(K)
SNR(X), TM{K), TMA(K)

e e — — CONTINVE

" Figure -2
g 2%1



FLOWCHART - SUBROUTINE [RWATT FLOWCHART - SUBROUTINE MTFAYA

DTART

LINPUT: T

1

COINITIALIEE ¢
TL, S20P, SIRP

L INPUT : R4, iMC

]

UNMALIZE . Wave |

DO K=zil4

DATA:
RS20(x), RSIR(K), ALB(T)

ANP(x), RFIB (K, AUT(T)

= D0 Kxi 14>

CALLULATE ¢
WAVE (), SUMT SUMFE

CALCULNTE :

TSCENE(K), SPAT(K),

GRS, PIX, ALY, AK , GR(K)

TLEN (), SMEAR , ANE,
T™oT (k) , TAVA (x)

B’

4

e ConTINVE
4

CALCVLATE :
COns, CORD, FluX,
ResP

TMOT(C) = 1,0

XIS

PRinT

Y1 WAVE (k) , RSEO(K),
RswR(k)

| CONTINUE

{

PRIANT
CURD, FLUX ) RESP

—I ConTinug

{

PRINT ¢

SMEAR, ANG, GRS, PiX

 —— k’i- Lid >

PrRinT

SPRT(x), TLEN(K), TMOT (k)
TSCENE (k), TAYA(X), GR(K)

!

!

Revurn

Figure B-3

Conminue

¥

| _Retoen

{
( two )



SIT?_PROGRAM LIST

100 -

105
110
115
120
125
13n
135
140
145
190
1549
1A0
165
170
179
180
1RA5
19n
19%
20
25
210
214
221
225
23n
235
2urn
245
251)
29
264D
265
270
279
280
2849
290
294

S a0
iths]

108
310
312
35
320
325
340

PRINT®e * ANALYT [CAL MODEL OF SIT VIDICON CAMERA

‘PRAINT*, *w[TH ELECTROSTATIC IMAGE SECTION?

DIMANS [TON SNRAIMIL14)» SHNR{L4Ye TM{14)s TCAML14)

NIMENSTON TSYS{1aYe TIS(1l4)e TELB{14)e TFIB(LW) e SPATILY)
DIMEFHNSION Bu{l1g) e YSCENE(LI4Y e INOISE( 14y, SIGAVATLY)
NIMENSION Trar{l4a)e TLD(14Yr TOS{14)e TFS(14)

NIMENS TON STIGSYS(14) e TMA{LY) ‘

COMaON CHRDe FLX e RESP» TAVA(TH)

RFEAL [DARKs I[FET

NatTa TIS/. Q%l.Qo.TQr.ﬁﬁv.Slr.560.2°v.089.”ﬂll.0U1v5

N Lo a1l 311e 001/

NATA TELB/«98r.965¢,94¢r,90%r 8580 o THra 720 B ahlr a6 %
«520 LA 4136/ '

DATa TFIB/, 905!.98l.951.”r.33!.75!-671.62v.ﬁ40.5'n459

e 3% 3/

10 READ(Sy &, PROMPTZYEXPOSURE(SEC) » SPIN RATE(RPMY» %
RANNWIDTH 1) EXPTe SOTNe BAND

2N READISe * 2 PROMP TSI FOCAL LENGTH{M) » F NUMBERe CONTHRAST %
QATIO I ') FOCe FNiIMe CR

31 READ(Ss ks PROMPTZY PHASE ANGLEs I[NCIDENCE ANGLE» %

QEFLECTIUN ANGILE (DEGREFS] 1) PANSALDs RAD
DAZVANSHT L2958 :

ATZAIN/ST.29588

RAZRAD/RTL.2G58

A=1.AN2E=-19

Gr=20:i,

N=21) . E~6 .

AELEMS (3, 1416/4.) %0442

IDARKZ=1,E-9

SHRL=3.

TEMRPZ233 .

HK=1.3RE=-23

RL=2.ER

(FEF=7.E-3

GMFET=13.4E~3

Csz=20.E-12

REZ.9

CAIt. [RNAT({PArATIRA FNIMY

CALIL MTFAVA{FNIMy SO INs EXPTs FOCr CR) \
IPAT A T[_l-)/o(;ﬂ' 0926' 08‘:)1' M 772' N 704!064' -'590-5'1r -51' -'47' nU”]_.' un{]l'

il 4O L/
F)Al'»’-\ T[)"/ 9! '.()5500908'-8“-’|7')7' -6()2! + 558 .45'..541.'-25“’0155'
G20 Vil )i/ :
DAT: TFS/. 911.,ass..764..rna-.643-.BQ}--%vH--blﬁ--481-oub»

LU2 e B39Re . AT 3003527

NN 290 K=1lrig

Ty AH(K)'TIO(Kl*rﬂgtKl*rFstK)
291 ConT Ly '

ORINT 3NH (TN » =101 1)
DQINT 310 (TOS(DY 2 [Z10 14)

IR INT 319 (TFS{ I [Z1e 14}

S INY 320 (TYARI Y e [=1e 1)
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335 305 FORMAT (Y TLLD Y23Xr14F6,. 30

3y I1N FOLKMAT(Y TS '+ 3% 14FA/,3)
3uy 319 FORMAT{(Y TFS "2 3Xer1UFD,L )
350 I20 FORMATITY TTA<  'e3%eltFR,. 3)
35, I V) B =g I 1)

361 AT (K) SKEDLES

365 BEP IR P THARIK) #6224 TELB(K) &2
370 Heo( KY S (RBRPx50.1) ) /52 AT K

375 30 COANT I[NIE

340 SIAFLTZU  kRARN I 3T+ AFLE M C IRD*EXP T &E
384 PIARKZOOIRT{ 24 ¢ Jx [DA<KEIAND)

390 IR A TSR MU HA DY Qr S [GFIT)

395 CHLDADN TS IRT  4 2 BK« TEM2x3AM)) /20
4N TAMDL S5 JRTE Hy & Ja [FF T ADE 32 Ch%a2) JGAKF TR D)
Qi 1) 40 KZleln

410 FACENFIKIZS IR TR (UK % 2 (GT+H] o L «HANDRD S, [ GFLLTXRE)
415 FIOTHE 0K 259 T S JADKE 24 JAMY) 5 24 JDARK € - 2+ [RE AR Dy,
420 +)SCENF(K) ¥ 2)

425 TCAMIS) STTARIKIF TIGIKY R TR [R{K) *xTELBI{K)
430 FOQOREFZIOR=140 /(041 ,)

TR 1S FSYS UK STCAM{KY x TAVA(K)

4 1 SIGAVAIK) ZSIGFLT*ICAM( K}

QoY “:IG'%"“;(K):")[GFLr* TSys{iw)

450 SNRAIMIKY 5 TGAVAIKY Z IO [SE{K)
4%, SREIK) IG5 IGSYSIKY A INOTSF ()

Un TMAL K SSNRL/SNHRA M)

465 TR 23R/ SR )

47n w00 CONT [N E

LT A ST B20r (TIS(T e [T 14

$44n A INT 29 ( TELBI Ty e [ZEe 1 8)

485 SHINT 30 {TEFIRI I e I=1019)

490 PRINT 680 (TCAMIIY s [=1014)

495 PRINT 695 (TSYS([Ye IZ1e14)

500 PRINT 70 e (B0 LY e IZ1r1a)

505 PRINT 7029 (TMA{ L) [Z1s 140

510 S INT 705 CTMO DY e L= (i)

915 PITNT TLl9e (SNRIIY e [Z1 e )

92l SRENT T200 ( SNRATMU (Y [=10 1)

525 DRINTx, " ¢

5930 e DT T2 (SPATCLV /1D e [ 2 e Loy
5% HATNT 20 (STGSYSE D e T=1e 1My

40 RAINT T30 (STGAVAL D) IZ1e 111

Bun SAINT 7350 ((NOTSEC EYe (=10 1)

550 L [T 7&0.(W§CENE{I}.{:1,1nn

57, AL N IR

960 B INT Tgn, FAD

b6 PREE 79, JILDAD

570 1T 797 FAMPL

575 BRINT  7ANs MARK

580 620 FOIMATIY TI5 ‘el lUuFALD)
585 6H2H FORMAT(' TELH ') 3<s14F6.3)
590 631 FORMAT(' TFIB ', 3¢, 14F0.3)
595 ABO FORMAT (' TCAM ', 4, 1UFA, 3)
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601 A9S FORMAT (Y TSYS  TelxXellFo.d)
605 700 FORMAT (¥ Hi3 T3 14F6. )

T H10 702 FORMAT(Y T™A 3%y LUFBa3)
H19 700% FORMAT (' ™ o3 14Fn. 3)
6210 715 FORIMAT (7 SHR Ye3XelUFAR.1)
62% 720 FORMAT (* SNRAIM'3Xs14F6.1)
A 3N 722 FORMAT(Y SPAT Y1 e 1019
/35 725 FORMAT (' SIGSYST' e 340 LDEY,. 3)
H4n : 730 FopemAl (9 STGAVE' ¢ 3% 10E9. 3
Al 73 FOWMAT (' UNOTSEY s 34e 1NEY, 3)
5'51) Tun FOSMAT (' SCENEY » 3¢e LIIEH, 3}
595 745 FORMAT (Y READ NOISE 2'sE110.26% AMPS5Y)

T A 790 FORMAT(Y THERMAL NOISF ST,EL1N.2s' AMPST)
HH Ty FORMATIY FET SHOT NOIWE Z' 9 E£10,2,% AMPSY)
a7n 760 FORMATLY DARK CHRENT TP F10.2.' AMUISY)
15 T IO
#8010 END

IRWATT SUBROUTINE LIST

1no T GHRROUTINE [RNATT(PAr ALr RAs FNUMI

100% DIMENSION RSG20(14)s RSIR(1U) ¢ AJIP{L4}r RFIB(14) ¢ NAVE(14)
1006 C DIMENSION ALB(9) r AJ(9I) ' '

1010 CoMAnN CHIRNDe FILIIXe RESP

1015 TL=.6

1020 10 READ{Se %, PROMPTZ'B00Y NIJMBER )T

1021 DATA ALB/1.9,92¢r 85,490 .261 6102420242014/

102 DATA A )J/59.2r942159.2959:.215. 2r9,59%r 19,18, 30419 39,44/

An25 S20P . N626

1030 GIRPTL2006 . o

1035 NATA RG20/ J1te 6B 96 ,9952r 791 645¢ SULe 23560 2110%
1049 L0859 D19 (D:ile JOiTLe LONL/

104% DATA 2517256 «5485r «712¢ 1or 968 859 A3l 753, .6820%
1090 H15e 25920 JUD3e 843 416/ '
L0% DATE AJIR/ 250 J31r 36 o427 25 a9r 24Fr 49 470 0%
11160 L3008 o 34r o310 W32/ _

1Nes OATA RFTIBZ 0010 38r J71r o8 v oBr oBr o8 -oBr wBr Ay A%
1070 B JHr B/ ' .

1071 ~ IF(T.E2.1.) GO TO 150

1072 NO 10 K=1»il

1073 AP KIZL.

1074 10 CONTIAIE

175 150 CONIINIE

1074 No 200 K=l»14

10A0 : NAVE (K) =290, + K¥50,
18RS aHMI'sIMI+R,IR(K}*AJUP(K1*RPIB(K)*HQZO(KI*ALB(F)

1090 S IMF = %IMF+€a[R(K)*AJJP(&)*RFIB(K)tALR(f)

109% 201 CONTTHIE
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1100
1105
1110
1115
1120
1125
1130
1135
1140
1145
1150
1155
1160
1165
1170
1175
1180
1185
1190
1195
1200

CONS=(SIRP*TL*COS(AI)*COS(RA))/{u.*AUJ(T)t*2*FNUM**2)

CURD=S20PxCONSxSHMT%50N,
FLIXZ=CONS*S MF%501) o
RESPZCHRD/FLY

PRINT®, v ¥

PRINT®,"

PRINT A35¢ (wAVE{ ) s I=1r14)
PRINT 640 (RS20( 1) 2 I=1914)
PRINT 6450 (RSIR(T)» I=1s14)
PRINTxkst

PRINT R0 CIRD

PRINT 809 FL X

ORINT Rl1D» <ESP

635 FORMAT(' wAVE *Ys3Xs1416)
AU4T FORMATI' RS20 Yo AP 14F/ . 3)
645 FORMATI(Y RSIR *2 3% 14FR, 3)

800 FORMAT(' CURRENT NENSITYZ "2E10.2

A05 FORMAT({' FLUXZ '»EL10.2+*WATT/SQ.METER? )

B10 FORMAT(' RESPONSIVITYZ ',E10,2,"

RET JRN
END

MTFAVA SUBROUTINE LIST

1000
1005
1010
1015
1020
1021
1025
1030
1035
1040
1045
1050
1055
1056
1060
1065
106#
1067
1068
1069
1070
1075
1080
1085

SIBROUTINE MTFAVA(FNUM, SPINe EXPTe FUC

DIMENSION TSCENE(14)» SPAT(14) »
COMMON DMt 3) e TAVA(1L)
WAVEZHH0,E=9

TLEN(14) »

10 READ(S»* s PROMPTZPALTITUDE (RU) $t)IRJ

READ(Sr*» PROMPT=?! IMC? YES=1s NO

ALTS(RJ*7T1.4E6) =71 . 4ER
DO 252 K=1s1l4 )
TSCENE(KIT(CR=1,)/(CR+1,)
SPAT(K)=K%5,E3

R 3, 141/) /7 (FNIMkWAVE)

TLEN(K):(2-/5.1416)*(ARCO%(SQAT(K)/Bl*(QPAf(K)/81*%

SORT(1.0~(SPATIKY /BY%%D)
[FICOMP,EQ.1) GO TO 9n

Q') ComP

SMEARZ(2.%3.1416*GP INKEXPT*FOC/60.)
ANG=(2. %3, 1416%xSPINKEXPTx1,E6) /60N,

GO T 95

=11 SMEARZ( . 243, 1U41AXSPINKEXPT*FOC /A0, )
ANGZ( 2% 3.1416%SPINKEXPT+1.F6) /hil,

99 CONT [NE
GRSIZALT*ANG*1,E=6
[FIGRS.EQ.0) 60 TO 10n
PIYzALT/(FOCXGRS%x2, )
100 CONT INIE

266

AMPS/WATT?)

Cr)
TMOT{14) »

AMPS/ Q. METER? )

GrR{14)



1090 GR{K) ZALT/(FOC¥SPAT(K) %2,

1nas [F (SMEAR.EQ.0Y GO TO 249
1:00 AKZSPAT (K) *SMEAR

1:05 IF (AK.GE,1.0) GO TO 250

114 TMOT(K) S(STNID. 14 16%SMEARXSPATIKI 1) /{3, 14 1HxSMEARKSPAT(K) )
1:i:5 GO o 291

120 249 TAOT(K)=1.n

1.2% CBU TH 251

123 2490 TMOT(<)=.0n01

1t 35 291 CONTINYE

140 C TAVA(K)ZTSCENE(KI ¥ TLEN(K) * TMOT(K)

1145 252 CONTINJE

1150 PRINT 6£90r SMEAR

1'55 PRINT 632+ GRS

1160 PRINT 696 PI[xX/1000,

11645 PRINT 695, ANG

1170 PRINTx, 9

1175 PRINT A5N» (GR{TVr [Z1s14)

1480 PRINT A0 (SPATE D /10004 [Z1018)

1:8% PRINT HAFe {TLENT{ DV e [Z1e14)

1 an PRINT A0 (TMOTO DY v 1T=1r 14

1:9% HRINT 675 (TSCENE(D) » [=1s 14

120 PRINT A80r (TAVA{I)»[=1r14)

1204 A9 FORMAT (Y GR RES"»34<e14T16)

1210 Al FORMAT (v SPAT  Yo1xe1416)

1215 H5 FORMAT (' TLEN %4 3%, 14F6.3)

1279 AT FORMAT (' TMOT 'y 3Xs14F6, 3)

125 ATSH FORMAT(' TSCFHNEY ) 3Xr14FA.3)

1230 680 FORMAT(! TAVA 43X, 14F6,.3) ‘

1235 690 FORMAT(t SMEAR(IMAGE PLANEIZS'»E10.2» *METER®)
1240 H92 FORMAT{' SMEAR(GROUNDI '+ EL1N,2r TMETERY)

1245 695 FORMAT{Y ANGILAR SMEAR S'rFo.1r' MICRORADIANS')
125n 69A FORMAT(' SPATIAL FREQ. EQJIv. TO 1 PIXEL SMEAR =V, %
1255 6P LP/ M)

12AN0 RE TR

1265 END
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B.3.2.1

LINE

SITV Line Description

100-105

110~140

145-170

175-200

205-215

220~-280

Prints out the identity of the camera model and

any distinguishing features. |

Type and dimension statements for the variables and
arrays used in the program.

A list of the input data constants used in the
signal-to-noise ratio calculations. MIF values for
the image section (TIS), the electron beam (TELB),

and fiber optics faceplate (TFIB) are given.

These statements prompt for the input variables
including the exposure, spin rate, phase angle,
inecidence angle, reflection angle, focal length,

f number, contrast ratio, and video bandwidth.
Calculates the phase angle, the angle of incidence,
and the reflection angle in radians from input

values which are in degrees.

Initializes input data and constants such as: electron
charge, the target gain, the beam diameter, the read-
out efficiency, the temperature, Boltzmann‘; constant,
FET leakage current and transconductance, the shunt
capacitance, and load resistance. The limiting SNR is

initialized for threshold modulation calculations.
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LINE

285-290

295-305

308-312

315-350

355

380

385-400

Subroutines.IRWATT and MTFAVA are called.

Input data constants fof the target MfF values

are given. The target MTF components,consisting ‘
of the MIF due to the finite diode spacing (TDS),
the‘MTF due to lateral hole diﬁfusion (TLD), and the
MTF caused by scanning the electrostatic surface
(TFS) are.given as a fﬁnction of spatial frequency.
The total target MTF (fTAR) islcalculated for each
value of SPAT(K) by cqmbiniﬁg the three target MTF
components. | | |

Values for TLD, TDS, TFS, and TTAR are printed for

each spatial frequency.

Entry point.to the DO loop 300 in which lines 35353 to

375 are cycled 14 times. The spatial frequencﬁ is

cveled from 5 lp/mm to 70 lp/mm in increments of |

5 1p/mm. The noise bandwidth correction factor, BB(X),

is calculated as- a function of spatial frequency.
Calculates the flaf field signal. For this term

the system response (TS (K))Vis assumed to he equal to one.
Calculates the noise terﬁs due fo read beam shot noise
(UREAD), the dark current shot noise (UDA#K), the
preamplifier thermal noise (ULOAD), and the-pre-

amplifier FET shot noise (UAMPL) .



LINE

405

410

415-420

425-435

440~445

450-455

460-465

Entry point to the DO loop 400 in which lines

405 to 470 are cycled 10 times. This varies

the spatial frequency in 5 lp/mm increments over

the range 5 to 50 lp/mm.

The quantum (image) noise term (USCENE) is calculated
for each spatial frequency (SPAT).

The BMS noise (UNOILSE)} is calculated for each

spatial frequency.

The MIF of the camera (TCAM) 1is calculated at

each spatial frequency. The input modulation (TSCENE),
and system MIF (TSYS) are also determined.

The signal terms are determined for the ramnge of
spatial frequencies. The system signal term (SIGSYS)
is calculated using the system MTF (TSYS), whereas
SIGAVA is computed using only the camera MTF (TCAM).
The signal-to-noise ratio expressions are calculated
for the range of spatial frequencies. SNRAIM is
determined using SIGAVA while SNRSYS employs SIGSYS.
The threshold modulation expressions (TM and TMA)

are calculated for the range of spatial frequencies.
TMA is used in pletting AIM curves. It is determined
by taking the ratio of SNRL/SNRAVA(K), where SNRL is
the threshold signal-to—noise ratio (assumed to be 3.)
T™ is the threshold moduiation (using the system MTF)

determined by taking SNRL/SNRSYS(K).
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LINE 475-575

580-670

675~680

These lines control the output data. They

instruct the computer to print out 14 values

‘of TIS, TELB, TFIB, TCAM, TSYS, BB, TMA, TM,

SNR and SNRAIM for spatial freﬁuencies 5 to

70 1p/mm. ‘Ten values of SPAT, SIGSYS, SIGAVA,
UNOISE and USCENE are printed for 5 to 50 1lp/mm.
UREAD, ULOAD, UAMPL and UDARK are also printed.
These are the format statements that-control the
print statements.

Stop command and end of program.

B3.2.2 : TRWATT SuBroutine Line Description - IRWATT 1s a subroutine

used for camera systems containing photoemissive cathodes to calculate

the‘input flux in the image plane, the current density, and the photocathode

responsivity.

LINE 1000
1005-1010
1015

Subroutine name and dummy arguments.
Dimension and common statements for variables
and arrays.

Initializes the lens transmission (TL).
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LINE 1020

1021-1070

This statement prompts for a body number (T)

‘which corresponds to the planet or satellite

of interest.

The body number code yged ig:

Body Number

1

YA

9

Object
Jupiter
1o
Europa
Ganymede
Callisto
Saturn
Uranus
Neptune

Pluto

Initializes input data and constants such as the

sun-planet distance in astronomical units (AUJ(T)),

and the albedo (ALB(T)) of the selected object.

Values for the input flux, detector spectral response,

and fiber optics faceplate transmission are given for

different wavelengths ranging from 300 to 950 nm.
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LINE 1076 Line.1076 is the entry point of‘DQ‘loop 200 in

which lines 1080 to 1095 a;e cycléd 14 times. On
each cycle of the loop the variable K is incremented
until it equals 14.

1080 ‘The wavelength (WAVE) is established from 300 nm
to 950 nﬁ in 50 nm steps as the program loops.

- 1085~1090 The integral product of terms required to calculate
the current denmsity (CURD) and flux at the photo—
cathode (FLUX) are formed. On each cycle of the DO

loop the terms (fcpw t APAdl and fWAPkdl)

Ao
are calculated for a specific wavelength interval and
ad&ed‘énto the accumulated sums SUMI and SUMF.
1100-1115 The current density (CURD), input flux at the
photocathode (FLUX), and detector responsivity
(RESP) are calculated for use in the main program.
1130-1190 . These lines céntrol the printing of the output data.
They cause the outputs WAVE, RS20 and RSIR to be
printed'for wavelengthg between 300 and 950 nm. The terms
CURD, FLUX, and RESP are also prinfed'as directed
by the format statements. |

1195-1200 Returns control to the main prograﬁ and ends the

subroutine.
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B3.3.2.3

MTFAVA Subroutine Line Description - MTFAVA calculates the

available aerial image modulation (TAVA). This term represents the available

aerial image modulation incident on the faceplate of the camera system. It

consists of the product of the image modulation due to contrast, the MIF

due to image motion, and MTF of the lens assembly. TAVA is useful in plotting

AIM curves.

LINE 1000

1020

1021

1025

1030

1035

14650

Subroutine name and dummy argument.

This line prompts for the altitude in units of

the planet radius. The altitude is later used

to convert spatial frequencies to ground resolution.
This line prompts for a reply indicating whether or
not image-motion compensation is to be applied.

By typing a "1", 90% -effective-image motion compen-
sation will be applied. A "O" response will result
in no IMC.

The altitude (ALT) is determined.

DO loop 252 loops through line 1145 incrementing K
and establishes 14 values for the spatial frequency.
Calculates the input modulation due to the image contrast
(TSCENE) ., |

Calculates the MTF for a diffraction-limited lens

(TLEN) as a function of spatial frequency.
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LINE 1060-1090

1105-1135

1140

1150-1255

1195-1200

This group of statements calculates the image plane
smear (SMEAR), angular smear (ANG), the ground

smear (GRS), the ground resolutiom per pixel (GR)
equivalent to the spatial frequency, and the spatial
frequency equivalent to one pixel smear (PIX).
Calculates the MTF due to image motion (TMOT) as

a function of spa;ial frequency. Seﬁeral iF and

GO TO statements are used to test the value of TMOT
to insure that division by zero will not later result.
If TMOT eqpals zero, it will be set to .001 for
future-computations.

Calculates thé available aerial image modulation expression
(TAVA) for spatial frequencies 5 1p/mm to 70 1lp/mm.
These print and format statements control the output
data. The outputs GR, SPAT, TLEN, TMOT, TSCENE and
TAVA are prinfed for spatial frequencies 5 lp/mm to
70‘1p/mm. SMEAR, GRS, PIX and ANG are also printed.
Returns control to the main program and ends the

subroutine.
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B.3.3 SIT VIDICON INPUT/OUTPUT_FORMAT

The input/output format for the SIT vidicon program is typical of
all of the camera models. An example of the SITV program output is shown

in Figure g-4.

During program execution, the program will prompt for inputs
representing a number of mission variables as shown below. Underlined

values are typed in using the keyboard.

Sty
ANALYTICAL MODEL OF SIT VIDICON CAMERA
WITH ELECTROSTATIC [MAGE SECTION
EXPOSURE(SECYr SPIN RATE(RPM) e BANOWIDTH :.,0005 2. 1300.
FOCAL LENGTH(MY» & NUMBER, CONTRAST RATIO :_ .4 4. 1.3 '
PHASE ANGLEr INCIDENCE ANGLE. REFLECTION ANGLE (DEGREES) !60. 60.

BODY NUMBER 1.

ALTITUDE (RJY 2
IMC?  YES=1» NOZ=01l.

The program continues execution and responses with the data listed
in Figure B-4. Note that many of the program data arrays are displayed as

well as the calculated parameters. This facilitates plotting the output

data in various forms.

In general, the output is arranged to present several arrays that
vary as a function of wavelength. Wavelengths are taken at 50 nm intervals
from 300 to 950 nm. Numerous arrays of data are also presented as a function
of spatial frequency and ground resolution. Signal-to-noise ratios, MIF data,

and threshold modulations are generally given for spatial frequencies ranging
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L1T

G1TV
ANALYTICAL MADEL OF SIT vIDICON CAMERA
YITH ELECTROLTAFIC [MAGE SECTLON

ExO0SHIRE(SECe 9P IV RATEL=#MY »

RanNaINTH $.000% 2. 1300,

FOCAL LENGTHIMY s F W MBERe COUTIRAST RATIO 2

4 4.

1.3

PHAGE ANGLE, I[HNCIDFEICE ANGLE, REFLECTION ANGLE (DEGREISY 160. 60. O

HONY NOIMARER $1.

A00

FIGURE B-4

850

WAVF 300 350 uie 450 500 550 A50 700 750 ANN GOt Ys0 N
117520 . 1HY SERN L 9R1 L9952 LTI JhUR LHl L3960 211 L0085 <019 L0 L0 20N
R~ LT5A L5 JT1Z2 1.000 98B 859 LR3I 753 LAB2 LH15 0 W592 U493 443 J4le
Ci CENT DENSITrS L15E=02 AMS/SG.METER
FL Iz WS1E=D1vAT T /510, METEN
REGHONIVITY S «IDE=01 AMPS/WATT
ALTITUOE (RJ 34, :
IMC2?  rES=1r HNZNL.
SMEAR( [MAGE DLANEY = JuIF=0HMETER
SME AR 3tk 4D = e SIEHNBAF TER
SUATIAL FREN, €1Iv. TO 1 OIKEL SMEAR = | 119LP/MM
COANG LA SMEAR S 101,% MICRORADIANS
G2 ES . 53990 2A77% 1T7ARD 133R7 10710 A92% 7650 6693 5990 5355 4868 4u62  4il19  IA25  KM/PIX
SAT 5 10 1 . 20 2% 30 5 40 49 51 9% B0 - 659 fa o LP/MM
TILEN S99 LUGL LORT L9982 978 .973 L9699 964 Y60 9% LUS1 L9uT L Ta2 °438 1 7
T AT S LWOT GUuy LA8d L8982 0,974,945 L9954 983 (929 .91% L899 An3 864
TSLRMFE J130 0 L13D L1500 L1300 L1300 L1300 130 L1300 L1550 L1300 L1300 L1300 L1350 139
rava L1300 L129 L1285 L1127 La129% L1280 122 L1240 L11A WJ1tA L1130 L1t L 1DH L1108
TLD CLRAN L9278 L4511 LTT72  JT08 WALD 45900 L5500 L8100 L8700 L0010 W01 L3010 L0il
tns S L0990 L9%3  L008 L840 L757 LA L558 Ju500 L4810 L2340 L 13% 042 L0aL Wit
TFY LIl GBS WTAM L T2 .38 L5999 L8955 (9th LuRE L850 L4220 L3986 J3TY 392
T7AQ LAHE L7300 L5930 L4555 L3835 4254 L1833 L12F 088 L0%9 L00N O G0 L @ity
TisS L8N LANiE 700 LASN LS5EN J3R0 L2200 L0R J00L L1 W00 L0901 WnaL 00t
CTELR LJORI LUAG  LO4n L ANH L8455 L7800 L7200 L6050 JA10  L3A0 L9200 J8A0 0 (510 L 360
TR LU LSRN LYST LD LGB W79 AT WAZ0 54D LB Jah) L4070 350 L300
TCAM SABH LAY L8114 L2610 125 WN93 0 L 019 Jns Loua Lnen 0. n. N, N
CTRYS SL1IN T LN L0593 L0331 LOLEe L0087 LNN2 LD LONG 000 D 0. 0 Fe
At TN LH29 0 LH22 0 438 G369 L3100 L2AY L2356 L2110 (1Y L1720 L1980 L1850 L1309
TMA. L3059 NG N0 L1133 L2706 LHBB0 2.20N4%KE chnbrtiove
T4 W2A5 L3010 L3H0 W92 LY0S 1.ART 4.32T71R 301Kk rebr ik ek
S 11.3 10,0 1.9 5.4 305 1.6 .7 «2 . W0 ) n. De . 0.
SIILA [ AT.2 T7.4 Al.7 42.9 26.5% 13.3 B.6 1.4 o} .0 0, N. 1} 0.
SPAT 5 10 15 2n 25 .30 35 44 4y "
SIGSYs DPUTE=NG J1B3E-119 J1P0F=09 ABIE~10 L39IE=10 (149E~10 W53UE~-11 J11358=-11 7584F-148 .5A28~14"
5 1GAVE LJIGTE=0A L 142F=19 ,900E=-09 304 E=0F (282F=N9 ,121F-09 J453E=10 H4dE-11 .H22E-13 ,313E-135
NHOTSE WO19E=10 J1BIF=10 L152E=10 J127E-10 L tN7E~111 .I0ME=11 T4 FE=11 H33E=11 H19E-11 .5%99=11
NGaEYE J2IHE=1T JLASE=11 L1526=10 J125F=10 JLNAF=IN N 3E=11 ,F42F=11 ,AHOHE~11 (611F=11 .2 0E-1t
REAN HNTRE = JHOF=12 AMIS ‘ ] )
THECAAL WNISFE = «29F~=12 amg
FET GHOT HOT5E = sAHE=1% AWPY SITV PROGRAM INPUT/OUTPUT FORMAT
NARK CiptdenT = DHRE=12 AMPY - ,
LTI '

C LR/ MM

AP,
At 2,
AMOS,
AMPS,



from 5 to 70 lp/mm. The output signal and several spatial-frequency-dependent

noise terms are also printed in array form.

A number of parameters of interest are displayed and identified,
however not all of the program constants are listed. These can be displayed

if required by using the system "SHOW" command for the specific computer used.

Although only the most important mission variables are prompted as
input, we may wish to vary other parameters as well. This may be achieved
by using the computer system command features, or rewriting the statements

that require modifications..
B.4 LISTING OF COMPUTER PROGRAMS

A symbolic listing cof the candidate camera system main programs
and subroutines is presented in this section (exeluding those already

listed).
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3.4.1 ~ SECV PROGRAM LIST - ELECTROSTATIC FOCUS

P [NMT * ANALY TICAL MODEL OF SEC vIDICON CAMERA !

1945 PAINT %9 ' N ITH SUPYRES .OR MESH AND ELECTROSTATIC {MAGE SECT [JN?
1-9 DIMENSTON SNRAIM(14)e SNR{L14)e TM{L4)e TCAMILY)
11 DIMENS TON TSyYsti1aYe TISU14Ye TELBIOLG) TFIBC1Y)Y e SPAT(LY)
124 DIMENS TN HB(14) s JSCENE(TIG) r ONOTSEL(14) r SIGAVALLY)
e NIMENS TN SI6SYS(14Ye TMACLIWY, TLOI(141, TMES (141t
15 COMANN C P FLLUUZe RESPe TAVA(LW) » TTAR(LYL)
145 IFAL IFFT
1) OATA TIS/. Qﬂr.Qc.Tqronﬂo.51!.56!.2?!.08ve001v-0 le%
lan N e O leoidii1 e 0 1/
1590 NATA TELB/+9R: o 9058 o s ,9N5 .3")‘1!.73'.79r.6r"'-’"31'-bﬁ'
Iy 2 JUfr o810, 3B/
1ot NATA TFIR/, 9950.Qara45v993.850.75v.67t.n?'.b49-b'-45'%
1 A& R L Y4
170 DATA TIT/,. a?..7-.5ﬁ-.up.PQ..21-;16p.1?n.nﬂy.nh..ﬂﬁ-.ou-.nﬁ-.ﬂzf
175 DATA IMFS/, QQr.QTc.Q37'.3]9!.8360.7?10.7090.0)90.ﬁ171.430r¥
1840 170350 ,295, 2435/
145 1N RFAD{ S #p PROMP TV EXPOSURFE(SECY s SIYIN A ATE(RPM] %
1.9 HANOINDTH $TIEXPTSPINeBAND
tos 200 READ{ S %, PROMPTZIFOCAL LENGTH{MY » F 0 IMBERe CONTRAST #
bAIE WATTO 3 'Y FOCy FNijMe CR ‘
239 30 READ(S5» %¢ PROMPTZY OHASE ANGLE, [NCIDEGCF AIGLE%
211) SFFLECTLON ANGLE (DEGRESS) $')PADe ATNYRAD
21n 80 REAN(Se % PROMPTZ! INTENSIFIER STAGE? vESTL.r NOZ0 171 STAGE
2 SATPAD/ST. 2958 '
2.5 ATZAIN/S7,.,29583
P HAZDAD/BT.295R8
PR R M=l AN2E=-19
i GIz32.
2 5T=71,
250 HFEZ,. 8
Rt Nz2N, -6
Bead) AFLi Mz (3., 141A//4,) ¥D%k+ 2
2ah TEMOT300,
270 8K=1.3RE-23
2Th RAL=2.EA
250 IFET=7.E=3
Rt GMFET=13,4F~=3
- 230 FT3%.E=-12
245 Ti-id.£~6H
Loy SHRL=10,
Ay CALIL. [RWATF(FAr AlrRAyFNIIMY
L) CALI MTFAVA(FN My SPINy EXPTe FOC» CR)
Rl CAL'. VTAR(T1) '
4y Ny 300 K=1.14
324 GHATIKYZK®S,E3
LI %ﬂP:HRD+TTAR(K}**2*TELB(K)*42*IME§!K)**2-
3 BA(K)IZ{HBP*50U0.) /SPAT ()
3y [F{STAGE) 25002500 300
Sum 250 GIi=1.
350 Il (k)iz=l.
595 3210 CONTINIE
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3610) 30 CONTINIE

365 GIGFLTZ4 . *BANDXGI*GT* ACLEMXCI JRD*EXP TR RF
37 IREANZGQART ( BAND* QS IGFLT)

37H ILDADTSARTL (4 *xBK* TEMPxBAND)Y /RL)
AN IAMPLLZSORT{ { B+ ¥Q*x IFET*RAND*+ 3%k CS*%2) /GMFET*%2)
384 N 409 K=1s14

391 ISCENE(K) ZSQART(RAR(KI xx2% {GT+1 . ) kxBAND* QxS IGFLT*RE*GD)
3G9 ANOTSEIKY ZSORTE H_OAD® 241 JAMPLE# 24+ IREAD% * 2%
4 + ISCENE(K)Y % 2)

eI TCAMIKIZTTAR(IKY*TIS{KI R TFIA{KY*XTELBIK) * TMESIKI*TII(K)
1) TSCENEZ{CR=1.)1/(CR+1,)

41h TSYS{K)ZTCAMIKY kTAVA(K)

420 SIGAVAIKYI =S IGFLT*TCAM(K)

uzy SIGSYSIKIZSIGFLTTSYS{K)

43 SNRATMIKYZSTGAVAIK) AINOTISE(K)
435 SHRIK) ZSTIGSYS{K) Z/ INOISE(K)

i) TMA(K) ZSNRL/SNRAIMIK)

PR TME M) SSNRL/SHR{ K)

+ 51 40 CONTINIF

TN ARINT 20« (TIS{TierT=1r14)

4t} ORINT G259 (TELHI T, Tl 14

155 HRINT A30(TFIR{ T eIzt

4N SQINT RASHITMESITIY e I=1e14)

+7TH BRINT 640 (TTT( LY eI=1r14}

480 BRINT ABN (TCAM{ TV I=1 1)

4R5 PRINT 699 (T ,r (IYsT=lely)

490 PRINT 700 (R [YsT=1el1y)

495 RRINT 7029 { TMA( Y [31s14)

500 ORINT 705 (TM( T}, [Z1¢14)

505 PRINT T15:(SNR(TY e T=1r1)

510 SRINT 720r (SNRATMI Y IT1s14)

515 PRINT 7220 (SPAT(IYZ1000.0T=1010)
520 PRINT 7259 {STIGSYS( s I=1s10)

925 PRINT 73N (SIGAVA( D s [=1e 1)

530 SRINT 7350 (VINOTISEC [V e [Z1e 10)

534 PIINT 740 (ISCENFI D1 e I21910)

540 PRINTk, "

545 PRINT 745 )xEA")

550 PRINT 750 }_0AD

555 PRINT 755, JAMPL

560 20 FORMAT( TI5 Ye3r1UFB,.3)
565 A25 FORMAT(' TELB *»3x.14F5,.3)
570 30 FORMATI(Y TFIR "+ 3Xr1UFHL 3D
575 035 FORMAT(Y TMFS 1, 3¢, 14F&, 3)
580 AU FORMAT(? TIT *e3xe1U4FAR,3F)
585 ARN FORMAT (' TCAM %, 3%, 14Fh,3)
59N 6935 FORMAT (¢t rgy, a3 1UF6. 3
KGR 700 FORMAT (' B8 "3 14FH.3)
AN 702 FORMAT(* TMA YA LUFAL )
HAH NH FOIMAT (' ™ 'e3xXe14FB.3)
~A10 71H FORMAT (v on®- Y 3de 1U4FALT)
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610 702 FORMAT(Y TMA %o 3Xe14FH.3)

615 705 FORMAT (' T™M Yo 3Xr1U4FB. D)
620 715 FORMAT (' SNR *p3Xr14F6.1)
hASH - 720 FORMAT (' SNRATM®* 3L 14F6.1)
Hh30 722 FORMAT(' SPAT *,1xXe1010ID
n 35 725 FORMAT (' SIGSYST» 3 10E9, )
AL 730 FORMAT (' SIGAVE'»3XxX,10E9.3)
ALS 735 FORMAT (v UUNOISE' e 3Xr 10E9,. 3)
A0 740 FORMAT (Y SCENE'»3Xe 10E£9,3)
#AH% 745 FORMAT(® READ NUOISE ='eE1N.2" AMPSY)
a0 746 FORMAT(Y DIELECTRIC NOISE Z'rE10.2+ ' AMRSY)
HAY 750 FORMATI(' THERMAL NOISE Z'H»E10.2:' AMPSY)
671n 79 FORMAT(Y FET SHOT NOISE Z'eE1N2¢t AMPSY)
ATH STOR
- AR T OEND
B.4.2 SECV PROGRAM LIST - ELECTROMAGNETIC FOCUS
L ORTHTA YANALYTICAL 430EL OF SEC vINICON CAMERA -
INEY DYINTRy YELECTRIMAG IF TIC FOC IS ING o [THOT S 1P RE S an ME 540
1) DIVMENSTON S0 ATM0 Lare SNA(1G)Ye TM{Td) e TCAMULGY
1 45 DIMENS TN T3ty P30 18) s TELR( 1Y »SRAY (1)
PN NDIMENST N 30 14) e ISCENFOLUY e JNOTSE(LIYYy STSAZA0TY)
BRI OIMENS IO IG5 (14 e TMALL4Y e TIT(LGY)r TMES(LM)
1A CoMail CI1RDe FL e RESRy “TAYACTG e TTARI1Y)
tAhy AL FET
RN CUIATA LN a0 a3 AT e a0 M T e W BT B2 0 TR H TS0 &
T sPt W20 L uie 3T/
15 JATA TELBZ.939 a3 e Qe o D052 B3B8 r e TR e 720 a0 r ol e & 33 ek
ALY 20 e 0l 500/ ' ‘ :
S AT THI/ AT e Tra e a2, 210 1A 0120 a8 v e ailne o o390 012/
17 ATA TAES/larleelaetarlarlarbarloriarinr®
1AL 10'1-’1.'1./
145 10 EAN(S £ PROMRTTYELAOGIRELSECT s SP TN RATE(PMI » %
10 FLANDW TOIT 30 R <y 02 [ AN _ ,
144 2N REAN(Hr € s P2 TIVFOCAL LENGTHIM) . F NJMHERY CONTRAST
20 RATED ¢ Y1 FEDCe F U4y R ,
DT 30 ZEAD[ S ¥ e ORI T TV OHASE ANGLEe  EACTOENCE 4161, 4
210 FELSCT T AMGILE (DF GRECS) TP HOAD, AL HAD .
21 4 - EAD(Sy £y PROMP T INTENSTIFIER STAGE? YFSZ1 e 20 IS TAGH
20 HATIAD/ T L2 994 - -
I ATZAIN/NT o748
ERT) AT AN/ ST (2958
235 St B FLE B
241 GLzi2,
245 GBT=70.
240 RE=.R
My CN=Z20.F-6 ‘
et ACLEMZ {3,141/ ) KD+ D
Thyhy : FEMiP=30 1,
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270
275
280
28R4
290
295
30
3N5
N
Ay
320
325
334
335

3an
3u5
3510
35
360
365
370
375
380
38%
390
395
400
405
410
415
420
425
430
435
Lug
445
450
455
460
470
475
480
485
490
495
500
50%
510
515
520
525

HK=1.,38E-23%

RL=2.ER

IFET=7.E=3

GMFETZ13.4€E=3

Cszin. E-12

T1=Z1N,E-5

)N*‘?Lzl ﬂ -

Call! TRAATMI VA AT A Frdim)

CAL!l MTFAVA{FN )My S2TNy EXHTy FOCe CRD
CAL.. vTARITL1)

09 300 £=T1r14d

GRAT(K) ZKkS5, 3

BT 24 THAR(K) # k2% TELB(KI ¥« 24 TMES{K) %1 2
B0 ZUBHPRRN ) /SPAT{ )

[F{STAGE) 25N 250, 3100
2950 Hlzl,

rI:t"(,,:lo

320 CONTINJE

INO CONT [NE _
SIGFLT=4,*BANDXGI*xGT* AELEM* CIJRO*EXP [*RE.
HREAD=SQRT{ BAND*Q*xSIGFLT)
JJLOADZSQRT ( (4, %xBK* TEMP*BAND) /RL)

JAMPLZSART( (B. Q% [FET*BAND**x 3% CSk*x2) /GMFET+%2)
DO 400 K=1r14

USCENE(K) ZSARTIBB(K) ¥ *2%{ GT+ 1. ) *BAND*Q*S IGFLT*RE*GI)
HINOISE(K) ZSQRT()LOAD® %2+ JAMPL* %2+ JREAD* % 2%
+IJSCENE(K) x%2)
TCAM{K)ZTTAR(K)*TIS (K} *TELR{K) * TMES(K)* T[T (K)
TSCENE=Z(CR=14)/(CR+1.)
TSYS(KIZTCAM{ K] * TAVA(K)

SIGAVA(K) =SIGFLT* TCAM(K)
SIGSYSIK)ZSIGFLT*TSY( K}

SNRAIM{K) =STGAVA{K) /UNOISE( K)
SNRIKIZSIGSYS(K) ZUNOISE(K)

TMA{K) =SNRL/SNRAIM( K)

TM(K) ZSNRL/SNR{K)

400 CONTINE

PRINT 620+ {TIS{I)2I=1s14)

PRINT 625, (TELRB( D) » IT1r14}) -

PRINT 635, (TMES( D) s I=1s14)

PRINT 640+ (TITI(D)rI=1rly)

PRINT 680, (TCAMII)s [=1»14)

PRINT 695, (TSYS(I)eI=1s14)

PRINT 700+ (BR(I)rI=1l,14)

PRINT 702, (TMA({T) » [=1014)

PRINT 705+ (TM{IYy [=1014)

PRINT 7150 (SNR(D) » I=1r14)

PRINT 720¢ (SNRAIM({ D) e I=1e14)

PRINT 722, (SPAT(I)/1000.» I=1,10)

PRINT 725, (SIGSYS{ Il e I=1s10)

PRINT 730. (SIGAVA( D) »I=1+10)
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530
535
Ba0
B545
5450
H5%
560
565
9575
580
585
59N
595
AAN
605
A10
619
620
625
H 30
635
640
645
650
H5B5
51290
665

B. 4.

100
105
110
115

120

125
130
135
140
145
150
155
160
165
170
175

PRINT 7350 (UNOISE( 1) e I=1010)
PRINT 740+ (USCENE( D) e I=1s10)
RBRINF®s ¥ ?

PRINT 74D IREAD

PRINT 750 1LOAD

PRINT 755 JAMPL

A2 FORMAT(® TIS "3 1UFR. D)
625 FORMAT(® TELR °¢3Xe14F6.3)
35 FORMAT(' TMES ‘e3Xs14FH.3)
A80 FORMAT(Y TIL '¢3Xe1U4FH.3)
HB0 FORMAT (9 TCAM 'e3Xs» 14F6.3)
695 FORMAT (* TSYS  'e3X»14F6.3)

700 FORMAT (* B ' AKs LUF6. 3)
702 FORMAT(' TMA ', 3Xs 14F6.3)
705 FORMAT (' T™ "93Xr 14F6.3)

715 FORMAT (' SNR 'y 3Xe 1U4F6. 1)

720 FNRMAT (' SNRAIM'3X»14F6.1)

722 FORMAT(' SPAT 'rixXs1019) '

725 FORMAT (' SIGSYS'»3X¢10£9.3)

730 FORMAT (' SIGAVE'+3X»10£9.3)

735 FORMAT (' 1NOISE?'»3X»10E9.3)

780 FORMAT (¢ SCENE®»3Xs10E9,. 3}

745 FORMAT(' READ NOISE ='»FE10,2¢' AMPSY)
750 FORMAT(*® THERMAL NOISE ='rE10.2,"' AMPSY)
755 FORMAT(' FET SHOT NOISE =t.E10.20° AMPSY )
STOP .

ERND

ESC PROGRAM LIST - ELECTROSTATIC FOCUS

PRINTHe ' ANALYTTICAL MODEL OF THE ELECTROSTATIC STORAGE CAMERAY
DIMENS [ON SNRAIM(14)» SNR(14)» TM{14)r TCAM(14)

DIMENSTON TSYS(14)s TIS(14)e TELB(143» TFIB(14). SPAT(1U)
DIMENSION BB(14)¢ USCENE(14)» DNOISE(14)r SIGAVALLY)

D IMENS [ON . SIGSYS{14)r TMACLIW)

COMMON CIRDs FLUX» RESPe TAVA(14)s TTAR(1W)

REAL ™M IFET

DATA TIS/e981099.790 4652 ,51¢ 367,229 080,001 .0010%

LONLr «0N1r 4001 4001/ .

DATA TFIB/.QQSr.QBv.QSo.Ql.B30.75r.67!.621.549.5!.45!.4'.35!.3/
10 READ{Sr*» PROMPTZ?Y EXPOSURE(SEC) r SPIN RATE(RPMI» %
BANDWIDTH 2t) EXPTeSPINy BAND

50 REAND( S0 % PROMPIZ'FOCAL LENGTH{M}» F NJMBERy CONTRAST %
RATIO ¢ ') FOC» FNiIMe CR

31 READ(Sr s PROMPT ='PHASE ANGLEs INCINENCE ANGLE » %
REFLECTION ANGLE (DEGREESY ') PAD. AIDe RAD
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180
145
1an
195
2011
210
215
221
275
2 5
235
240
245
250
255
2h1)
2609
2710
275
28N
‘285
290
295
308
305
310
315
317
318
320
325
33%
340
345
350
35%
3R0
3A%
370
375
380
385
390
395
400
41in
415
420
425
43N

PAZPAD/57.2958
AT=AID/57.2958
RAZRAD/S7.2958

CAZ,.5

SET=Z1.1

SEMz2,.2

HZGET+1.

REAM=3, 3E-10

M=.13

D=20.E=6
ABEAMZ(3,1416/4, ) «0%%x2
A=1.A02E-19

GT=100.

GM=1.E4

FT=1.

C:f)o '-LE-Q

AELEM=ABE AM

TEMPZ300,

RK=z=1,38E-23

RLL=2.ER

IFET=T7.F=%

GMFET=13.4F-3%

CS=20.E-12 .

SNRL=10.

CALL IRWATT(PAsaALsRA»FNUM)
CALL MTFAVA(FNIJMy SPIN» EXPTe FOCs» CR)
CALtl, SDTAR

DATA TELB/ 981,965 949 e9050eB551 e 7810721066161t 560%
eD2r 4B JUle . 35/

DO 300 K=1ylu
SPAT(K)ZK%5,E£3
BEPZBRP+ TTAR(K) %% 2 TELB(K) x%2
BR(K) Z(BBP*5000.) /SPAT (K}
300 CONTINUE ' -
UMUILTZAXSET/( SEM=1 .1

HREADZAX (kDK SETH+ 2

ULOAO:QQR?!(4.*8K*TEMP*BAND)/HL1
UAMPLZQQRT([8.*@*[FET*BAND**3*C%**2)/GMFET**Q}

USECTA%+ 2% (H-SETI*SET :

UEAPZA% (1.—-A)%SET
UHEAM:GQRT(2.*GM**2*Q*BEAM*HANU*(4MHLT+UREAD+H§EC+UEA9:1
UCHAR:(M*QEF*BEAM/(C*lOﬂﬂU.*AHEAMJt**?
UANAL:Q*BEAM*(1.+!H-2.I*QEFII(E.tHAND)
UDIEL:%QRT(WCHAR*UANAL*GM**Z)
JPVANTZ{ Qe AELEMRG T+ C N« £ T)

DO 400 K=1.,14 .
JSCENE(K!=§QRT(GM**2#(BH(K)*¢2)*(GF+1.)*WQUANT*HCHARI
QIGFLTZ(GM*M*%ET*z.*HEAM*Gr*CURD*EKOr)/(C*IOGGG.)
UNOI%E(K):%QQT(HLDAD**2+WAMDL**2+J%CENE(K)**2+UD[EL**2+U8EAM**
TCAM(K):TTAR(K)tT[%(K)*FFIR(K!*TELBIK‘
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435 TSCENEZ({CR=1,1/(CR+14}

4if) TSYSU{KIZTCAM{ K) ¥ TAVA(K)
45 SIGAVAIK)I TS IGFLT* TCAMI K)
450 SIBSYSIKY =S [GFLT* TSYS(K)
49 SNRAIMIK) =S TGAVA (K /1IN0 TSFE (KD
4AN IMA{K) ZSNRIL/SNRA M K)
465 GRRIKT IS IGSYSIK)Y ZHNNTSE(K)
470 TMI K) =SNRL/SNR(K)
475 40" CONTINIE
480 PRINT 6200 (TIS{D » T51014)
4A2 BRINT 625 (TELB{ DY r [S1e1W)
4A5 PRINT 63N (TFIB{ DI e I=1r 14}
490 ORINT 580 TCAMI [ I=1 0 1)
495 I INT 695 (TSYS(IDVe [=1r 10
500 PRINT 700« (BRI D) e T=Lr 1@
505 PRINT 702+ (TMACI}» T=1014)
510 PRINT 7NS+ (TMU L) » I=1 e 1Y)
515 - PRINT 7152 {SNR{D) s I=1¢14)
520 PRINT 720¢ (SHNRAIMI D) o [Z1014)
525 PRINT*,* ° _
530 CUPRINT 7220 (SPATCIN /100G, [Z1010)
535 DRINT 725 ({SIGSYS(Tle [Z1,10)
540 SRINT 730 (STIGAVA(TLY» T=110)
545 DRINT 735 (ONOISE(T) s I=1010)
540N PRINT 740 (USCENE( DY » (Z1e 1)
555 PRINT*s " ¢+
5610 PRINT 7451 JBEAM
565 PRINT 7ubHe IDIEL
. BTN PRINT 750, )L0AD
5 7% PRINT . 755 tJAMS_
580 620 FORMAT(Y TIS 'y 3%y 1UF6. 3)
585 - . 625 FORMAT(Y TELB '+ 30 14F6.3)
590 630 FORMAT(Y TFIR '+ 34, 14F6.3)
595 " B8N FORMAT (' TCAM ' 3xX,14F6.3)
600 A35 FORMAT (' ISYS ' 3Xrl4Fh.3)
605 700 FORMAT (' 8H Y 3%r L4FAL3)
615 720 FORMAT (' SNRAIM!'3%r14F6.1)
620 702 FORMAT(Y SPAT ' 1%,1019)
625 725 FORMAT (' SIGSYS'»3Xr10E9.3)
630 730 FORMAT (' SIGAVE'"+3X»10£9.3)
635 735 FORMAT (' UNDISE'»3xX»10E9,.3)
AUN 740 FORMAT (' JSCENE®'» 3Xr,10E9.3)
HU5 745 FORMAT{' READ NOISE =',El0.2¢! AMPSY)
A50 750 FORMAT(' THERMAL NOISE =',E10.2,' AMPS']
65 765 FORMAT(' FET SHOT NOISE ='E10.2+% AMPS?)
ry : ] STOP
HN5 END
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B.4.4 ESCMF PROGRAM LIST - ELECTROMAGNETIC FOCUS

1070 PRINT*, * ANALYTICAL MODEL OF THE ELECTROSTATIC “TORAGE CAMERA'

102 PRINT*, *ELECTROMAGNETIC FOCHISING AND 10 MICRON <EAD BEAM!
105 NDIMENSTON SNRAIM(14) s SNR{14)e M(Ll4), TCAM{14)

1in DIMENSION TSYS(14) e TIS(14)r TELB(14)r SPAT(14)

115 DIMENSTON BH(14)» ISCENE(14)» UNOIGE(14) » SIGAVA{LIL)
120 NIMENSTON SIGSYS{Lu)yr TMA(L14) '

125 COMMON CtIRDe FLUX» RESHr TAVA(LU4Yr TFAR(14)

13n REAL Me IFET

13% DATA TIS/.9959.9891,979.95¢,94+,911 .87+ eR21 .75 . 6751 %
140 PP aB2%0 U5y 3T/

150 10 READ(S0r % PROMPTZt EXPOSIRE(SEC) v SPIN RATE(RPM)r %
15% BANDNINTH ') EXPTSPINes BAND

160 20 READ(Ss % PROMPTZ*FOCAL LENGTH(M) » F NUIMBER, CONTRAGT %
165 RATTO ¢ ') FOCs FNIMe CR

170 30 READ(S» % PROMPT —'PHASE ANGLEr INCIDENCE ANGLE %
17% REFLECTION ANGLE (NEGREESY '3 PAD» ATOr RAND

180 HATOAD/ST 42958 '

1835, AT=ATID/BT7.2958

19n RAZRAN/ST 2958

195 AT,5

200 SET=1.1

2045 SEM=2,2

210 HTIGET+1.

215 BEAMZ ,R3E=1N

220 Z.13 ‘

225 ND=10.€~6

230 ABEAMZ (3.1016/4 ) xDk*2

215 =1 .AN2E~19

240 GT=100.

245 GM=1.Fu

250 Fr=1.

255 C=5.8E~9

260 AELEMTAREAM

265 TEMP=300,

270 BK=1.38E-23

275 RL=2,.,E8

280 - IFETZ7.E~3

285 GMFET=13,4E~3

290 CS=20.E~12

295 SNRLZ1N,

300 CALL. IRWATM(PAr ALeRA» FNUM)

305 CALIL MTFAVA(FNMs SPINe EXPTe FOC» CiR)

310 CALL SDTAR . '
315 DATA TELB/.997¢.9831,973+0.952+¢92h1:B951.8A1.821+.772+ . 7351 %
320 BB L HULY L5 ,BUE/ ‘

325 DO 300 K=1e14

330 SPAT(K)=K*S,E3

335 BBPZHAP+ TTAR (K #%x 2% TELB( K} ® #2

340 B3(K)Z(BBP%5000,)/SPAT(K)

345 300 CONTINUE

350 DMOL_TZA®SET/ (SEM=1,)
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354 UREAD= A%+ 2« SETx %2

360 JLNAD=SARTL (4« #BK% TEMPxBAND) /RL)

365 JAMPL=SART( (8. x@* IFET*BAND®* 3% CS%*x2) /GMFE Tk%2}
370 SECSA*%2+ (H=GET) #GET

375 JEAPZA* (1.=A) XSET

380 HBEAM=GART (2, *FM**Z*G#HEAM*BAND*(UMJLT+UREAD+USEC+UEAP)\
3A4 NCHARS (M*SET#BEAMZ { CALON0 . ¥ ABEAM) %% 2

3910 JANALZQ*BEAMK (L, + (H=2,.) *xSETY /{ 2. *3AND)

395 VN TELTSART(UCHAR® ! JANAL X GM¥ % 2)

4nn AANT S ( QK AELEMKGT*CHRD¥EXPT)

40 NO 400 K=1ely

410 HSCENE(K) SSART(GMEx24 (BRI K) ®x£2) ¥ (GT+ 1. ) *JQJANT*CHAR)
415 SIGFLT=(GMxM«SET*2 , xREAMKGT*CURNKEXPT) /{ Cx 10150, )
429 UNOIaE(K)-SQRT(}LOAD*#2+UAMPL**?+U§CENF(K)*ﬂ2+UDIFL**2+UBFAM**2)
424 TCAMIKIZTTAR(KY *TIS(K) *« TELB(K)

430 TSCENEZ(CR~14,)/(CR+14}

434 TSYS(K) =TCAM(K) *TAVA(K)

440 SIGAVA({KISSIGFLT®xTCAM{K)

T SIGSYSIK) SSIGFLT*TSYS(K)

450 SNRAIMIK) =S IGAVA(K) /HUNOISELK)

TEE TMA (K) =SNRL/SNRAIM(K)

46N SNR{KI =S IGSYS(K) ZINOISE(K)

TN TM{ K) ZSNRL/SNR (K}

470 4N CONT INIE

475 PRINT 620e{TIS(I) e I=1r 14}

4R0 PRINT 6259 (TELB{ I} » [=1r18)

49n  PRINT 680 (TCAM(T)e [=1rl)

495 PRINT 695 (TSYS{ [} [S1r1l)

500 PRINT 700 {BB(I}r IZ1s14)

5N%5 ORINT 702r (TMAL D)y IZ1014)

510 PRINT 705 (TM{ IV s I=1s14)

8lH PRINT 715 (SNR(IT s IZ1er 1Y)

520 PRINT 7202 (SNRAIMI D) » [Z1e 1)

525 PRINT*pt ?

530 PRINT 722¢ (SPAT(I)/1000.¢ IZ1010)

535 PRIMT 729 (SIGSYS(DY« I=1s 10

540 PRINT 730, (SIGAVA{ D) » [Z1,10)

545 PRINT 739¢ (UNOISE( D)V » [Z1910)

550 PRINT 740-(J§CENF(11-I 1.1

9594 CPRINT#e " !

HR0 PRINT 745 JHBEAM

565 PRINT Tu4metNIEL

570 PRINT 7501 L0AD

575 ORINT 7551 JAMPL

LLUY 620 FORMAT(Y TIS . '"»3Xel14F6H43)

589 625 FORMAT(' TELH '»3Xe14F6.3)

594 680 FORMAT (' TCAM ' 3Xr14F643)

ANN A95 FORMAT (' TSYS te3Xr»14FB.3)

AN% 700 FORMAT (' BH ty3Xr14F6.3)
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/10
h1%S
20
125
~ 30
n 35
Al
a4ty
AN
Y -
o}
AN
~71)
TS
80

B.4.5

1,
115
114
145
120
1045
130
13
140
Tuh
15¢1
15
1A
1m0
1-1
1A2
170
175
1An0
145
190
195
200
205
210
215
220
225
23N
239
2u
2u5

702 FORMATI(Y T™MA T3P LUFE. 3

705 FORMAT {' ™ 'a3Xr14FHL )

7195 FORMAT (' SHNR te3xXr1UF6.1)

720 FORMAT (' SNRAIM'3X»14Fh.1)

722 FORMAT('Y SPAT  *»l1Xe10[D)

726 FNRMAT (' SIGSYS'»3Xe10E9.3)

730 FNORMAT (' SIGAVE'»3X»10E9Q.3)

735 FORMAT (' (NOISE' 33X 10E9.3)

74N FORMAT (' JSCENE'»3%,10E9,3)

745 FORMAT(' READ NOISE ='sE10.2¢' AMPSH)

T4e FORMAT(' OLIELECTRIC NOISE ='rE10.2¢' AMPSY)
750 FORMAT (Y THERMAL NOISE ='»E10.2¢' AMPSY)
75 . FORMAT{' FET SHOT NOISE Z'+E10.2* AMPS')
S TP

END

CCD PROGRAM LIST

PRINT*» ' ANALYTICAL MODEL OF CHARGE-COUPLED CAMERA?
DIMENSTON SURATIM(L14)Y e SNRUTW) » TMI14Y)e TCAMILY)
DIMENSTION THrs{l8)e SPAT(LIG)r SIGSYS(14Y e QERPC(14)
DIMENSTON Bitture JSCENE( 1Y) e HUNOISE(LGY» SISAVALILY)
OIMENSTON RSIR(14Ys ANP{14%)» WAVE{14)s TMA{14}e TTAR{14)
CMANN M {3)e TAVA(14) :

REAL [FET, INDARKe NTLe NTCL

11 RFAN(S e ke PROMUITIVEXPNG JRE(SECYy SPIN RATE(REOM) » %
AALNW [NTHIYYEL2 T e 5P [N HAND

20 READ{Ne k., PROMP TV FOCAL LENGTH(M)» F NUMHERe CONTRAST %
RATIOD ¢ "1 FOCe FNiJMe (R '
30 <EAMN(5He %) PROMO T2t DHAGE ANGLE» INCINDENCE ANGLE %
REFLECTINN ANGLE (DEGREES)I Y)Y PAD» ALDPRAD
PAZ-Aa1}/%7.7958 '

AT ZAIN/- T, 2495R

HAZ AN/ ST, 2958

TLZ.6h

1. AD2E-19

C:z2.94RE

Mk, 2 F~ 34

A1 zhH,2

Wiz, 21

AELFMZ(21) ,F=f) k2

IDARK L ,E~-1 3«AELFAMx] ,FUu

STNRL -3,

Eazlun iy,

TEm =233,

HK 21, 38F=23%

<[=Z1.E9

IFET=7.E~3

Crza2E-12

GMFETZ13.4E-3
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950 ECZI.E“5

25 . NTLZZ2.E1S

260 AL=H0,

209 NINZ2,. %3, 1416/EXPT

270 r3=3.6-5

275 FC=BANNK2,

2AnN yC=2.%¥3.1416%x8C

285 NICL=2.E15

2on DATA RSIR/25hs «5850 o712 1er 9681 859 831 4 753r .HB2+%
29% 6150 5520 (493r JU83e L4167

30U DAFA AJ”P/ .25' njl' 036l 042’ 15' lb' -ug' .49; 347' .4%!%
305 .39' -54! .350 032/ .

310 NATA QEPC/ 0011 e5raTteBraBleeB2r.T7iraTrobHTrabrr B relbradr 2/
315 DATA TTAR/ o067 oBTreTlhrebBrobis e 3267 2249 .08 (052,001 ¢%
3on W01 eN0Lra0010,001/

325 No 200 K=1r1u

330 WAVE (K} Z (290, +K*#50,) .

3355 SUMFZSI MF+WAVE (K) 1 ,E=9*RS IR K} *AJJP{K)

340 ‘ SHMI:‘UMI+NAVEIK)*1.E-Q*R%IR(K)*AJUP(K)*QEPC(K1

345 200 CONTINIE

350 CONSZ(SIRP*TI*COS({ AL} *COS{RA) ) /(4. *H*C*AUJ**2*FNJM**2]

355 FLUXZCONG* S MF% 500,

360 CHRD=CONS* Q% SUMT.S00,

365 GE=CURD/ (FLUX*Q) ) : ‘

370 CALL MTFAVA(FNIM, SPINe EXPTe FOCr» CR)

375 DO 300 K=1l,14

380 GPAT(K)TK*5.E3

385 BAPZBHH T AR( K) %2

jon B3{K) =({B:P«5006.) /SPAT{K)

395 300 CONTINIE

407 SIGFLT=(2. ¥ AELEM*CRDEEXPT) % (14~ TN¥EC)

4ns HLOAD=SQRT( TEMP*BK/ (R [* BAND) )

41y JAMPLIGORT( (24 /GMFE T +2) % [FE T+ QXBANDECS¥ £2 )

415 GDARKZSART( (2, ¥ Ak [DARKKEXPTI+ {2, ¥ Q% T [DARK/BC) § -

420 XPTTEMP ( AK/Q) * AELLEM - '

429 [FINC,BF.1.0/TS)Y GO 0 %0N

430 YISARTLINTCLAXPXTN/AL)Y *ALOG( 1. /(WC*TS)I+(4.*NTCL*XP*TN/AL1 *Q)
435 GO TH SNt

440 501 Y‘%)QT((NTCL*XP*TN*R.)/LNC*TQ*AL)'

Hig - 501 CONTINIE

450 XZSARTUINTLAXP/AL) #ALOG( 1./ {WINKTS) ) + (4, *NTL*KP/ALi}*Q
455 NO 400 K=1lels

4An HSCENE(KY =SART( {BBIK) & €24 ( OE+14) ) ¥Q*x AELEMEC IRMNEEXPT) ‘
465 UNOISE(K)—HQHF(JLOAD**2+UAMPL**?+UDARK**2+HHCENF(K)**2+tt*?+f**9)
470 TCAM(K) =T TAR(K)

475 TSCENEZ(CR=1.)/{CR+1.)

480 TSYSIKY=TCAMIK) * TAVA(K)

485 STGAVA(K) ZSIGFLT#TCAM(K)

490  SIGSYSIK) =S IGFLT*TISYS(K)

u9s SNRAIM({K) =S TGAVA(K) /I INOTISE( K)

S0 SNRIK)IZSIGSYS{K) ZUNOISE(K)

509 TMA{K) TSNRLZ/SNRAIMK)

51N TMOH) ZSNRL/SNR KD
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519 400 CONT [NUE

el PRINT 680 TCAMI T [Z1r14)

“2% PRINT 699 (TSYS(I)erTZ1ely)

LS T) PRINT TN e (BA(Te I=1e 1)

5505 PRINT 702y (LTMAL{ LY IZ1 1)

—4t) PRINT 709 {TM{D)e [=1,14)

549 PRINT 719 (SNR(TY» IZ1s14)

5.0 PRINT 7202 (SNRAIM{ [}Yo [=1014)

s RER PRINTH,*

560 HRINT 722 (SPATITI/1000. e [=1e 10D

565 BRINT 725 (SIGSYS{TYe IZS1e10)

571 DRINT 730 (SIGAVAI Ve [=1010)

57y PRINT 7350 (UNGISE(D » [Z1010)

SAn0 PRINT 7402 {{JSCENEL T e I=1s10)

BRI PRINTx, " ¢

S0 PRINT 63% (WAVE( D) e I=1,1W)

ne PRINT A40e (QEPCI I e [l 14)

o PRINT 6450 (RSIR{IYe I=1ely)

RS PRINT AS0e(ad)P{ D)o I=1r1¥)

~10 ORINT*®e? !

o HRINT B0ite C1RD

20 PRINT B0Se Fi1IX

nes PRINT 81009E

A 30 PRINT 750« -JLOAD

63% PRINT 75% HAMPI

641 PRINT 760s 'JDARK

AUS PRINT 769 X

651 PRINT 770sv

A5G 680 FORMAT (' TCAM '+3xX»1U4F6,3)

A1) (9% FORMAT (' TSYS "2 3xXr14F6.3)

A9 700 FORMAT (' Rd te3Xe LUFRLI)

670 702 FORMAT(' [Ma te3x%e LUFH. )

679 705 FORMAT (Y ™ Ty 3xr 14FHL3)

680 715 FORMAT (' SNR *oAxr14FB.1)

685 720 FORMAT (' SHNRAIM'3xX» lUF6.1)

690 722 FORMATIY SO2AT ', 11019

9N T2 FORMAT (' SIGSYSt e 3Xe 10E9. 3)

7N 730 FORMAT (v SIGAVE'r» 3X» 10EQ,. 3

N5 739 FORMAT (' JNADTSEY » 3%Xe LOF9, 3)

710 741 FORMAT (' )SCENE' ¢ 3Xr 1NED. 3)

715 791) FORMAT (' THERMAL NOISE TV +E10.2¢" COLT)
773y 755 FORMAT(' FET GHOT NOISE =t »E10.2¢" COULYY
724 7AN FORMATI(Y NARK CIRENT ZT»ELQ.2+% COUILY )
730 TAD FORMATIY INISE "X™ Z',E10.2.1COL"Y

7135 TI0 FOIMAT(Y NDILE "y" =t EL0.,2:'COULY)

Ty A33 FOIMATIY ANAVE ', 3xXel41IA)

Tus AU FORMAT (' QEPC Yo 3 14F6. 3

790 A4S FORMAT{®* RUGIR ' 3XrlU4FE. 3}

Th5 650 FORMAT (Y A2 *3Xe LUFHL3)

TA AL FORMAT{ ' CIRRENT DENSITYZ '+ E10.2¢" AMP/SQ,METER")
T45 A05 FORMAT{' FL/X= '"+E10.2¢" PHOTONS/SQ.METER')
770 A10 FORMAT (' INTEGRATED QE ='+E10,2¢ ' ELECTRONS/PHOTON')
775 STOR

780 EnND
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B.4.6

12

130
135
[
las
150
15
161
145
170
175
151}
Lith
190
1945
Al
204
210
215
220
225
230
234
241
245
250
2‘_).‘":!
260
265
270
275
280
285
290
29%
301
305
310
315
320
A2y
3.0
3345
duy
Zuh

;CCDEF PROGRAM LIST - ELECTROSTATIC FOCUS

PIRINT*e Y ANALY TICAL MOUOEL OP INTENSIFIED CHARGE=-COVLED (Aﬂtﬂﬁ'
PRINT®st yITH ELECTROSTATIC IMAGE SECT [0

DIMENS [N SHHRAIMILTYY e SHNROL4)Y» (ALLGY TCAMOT &Y -
DIMENS [ON TSYS(18) e SPAT{LI4Y s STGSYS(LU) e TEH0L1a)e 25200140
NDIMENSTON B3(14) e USCENE{L4)Y » NOISE(LH)y SIOAVALLL)
DIMENSTON RSIR{14) e AJIPI14) r WAYE(LUYr THALLIHY TiAR{ 141}y
TFIni14),y RFEIB(14Y)

DIMFS INN CALB(9) v AL D)

Com oy MmMi3r, TAVALTY)

HEAL [FETes [NARKs NTLe NTCi

11 BREAI D) ko FIOMPTSYEXPOSGIRE(SECY e S0 RATEF M) e %
BANDWIDTHITYELPT» SP TNy BAND

20 READ(Sexs POMOTTVFOCAL LENGTH{M)I e F NJABERe CONTRAST %
RATIOD ¢ 'Y FOQC» FiliMe CH

20 HEAQ(SHe ks PROM2TIVOHASE ANGLE s [WNCIDENCE A dGLEe%
REFLECTION ANGILE (DFEGRESS)I YY) HADr All)e A1)

40 RFEFADIS s £ PAOMPT='800}Y NOMBER 'Y T

quA .:\L_H/].-F -‘:3.2! .Bt)!o'-*QI .26' .F‘v! ’ 042' .42' .1’4/

NDATA AJJ/9a219:.229.215942¢9:2e9,540 1913030410 39.4% 7
PAZPA/ST,2958

AT=41N/5T7,295%8

RAZHAG/HT . 2998

TL=Ze6H

O=1.602E~-19

S20P . H26

S[rRPz. 2006

AELEMZ{20.E=-H1%+2

Gr=z2aii0,

[DARKZU,E-13xAELEMk ], 4

SHNRLT10.

THZ1400,

TEMPZ235%,

3K=1.38E~-23

RI=Z1.E9

[FET=7.E~3.

C5=.2E-12

GMFET=Z13,4£-3

EC=1.E-5

HTL=2.E15

AL=40.

WINZ2. %3, 1416/EXPT

TS=Z3.E-5

BCTRANII®R2

NTCL:Z.EI’)

WC=2,., %3, 1416+3C o

DAFA RS20/ «14r «HBr o96r 9M2r 791 oHAdSy wS501r 23900 #4215 rn
«NATSe JD1Tr 001 e L0001 D017 C
NATA RGIR/.2%Hr 4545 47120 1o ,968¢ 859 WB31r L7993 JHB2e%
06159 .552! .'—L‘-).'_')r .4”5! .‘4»16/

OATA F IR/ 001 e 380 a7l roBr.BraBroBraBratdradde dectiv a3/
NATA AJIP/ 429 oB1lr 360 4420 o5 o59r 3497 JUSr o471 4l e%
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Ly
LR

At

P
Lt
DERSE
34
Noaik
394,
R

Bk
i
4]
A
424
4 .510)
435
gan
thirs
4%
4%

46
4AiH
u 7
7~
PR
455
Y]
T
i)
M)
910
515
521
w25
5%

BeThls!

D I
R
23)1)
530 %]
960
659
l‘; ?‘!
TS
:)\‘ .
Sy
1 41)
LA

e 39 L34 L33 L3R/
NATA TIS/a0RB0 09007910651 4519.360.220 .08 ,0M10.0i10%
w1l e a0 Le o 011 e 401/
1HA T i ['AH/.Qﬁp.87:.74-.6-.464-.526!.2%4'.081.05-.0110%
eib 1ol N1y JODL/
AT TFIH/.QQSP.QBv.le.qr.85'.75'.67p.620.54!.50.451%
ey o 35 3/
[FITLE)11G0 T 150
0y 10 KIlelw
A i)
10 CoONT [NE
120 CuNTIWIE
0 200 KzZ1l:14
NAVE K 22904 +KxD1, )
HMMF:%1MF+R%IH(K)*AJUP(KJ*RFIH(K)*ALB(T1
SHMIZS RS IRIKT K AJ P (K) ARS2ND (K *RFIB(KI*ALB( )
200 CONT {4 IE
CON%Z(w[RP*TL*CJQ(AII*CO%(RA}!/{u.*AUJCF)*k2*FNJM**2)
FLAO(ZCON S o IMF£95010 .
CoRDZCONS*, IMIE51) , ¥ G20P
RESRZC IR/ F LY ‘
CALY MTFAVA{FN IMe SR INe EXPT FOCey CrD
) 37 K=lelu '
SHATIK) K&k, E3
Bt TH-AP+ TTAR (K) * 42
B () Z (3P %50 ) L) /SPAT(K)
30 CONT L JE
SIGFUT {2 RAELE V¥ C IR EXR T GT) ®{ ] o =T 4%£C)
HoDANZSART O TEMR RS/ ([« BAND) |
FAMBPIL_ 2GR T (24 FOMFET * - 2V [FET*#YxBANN®C %+ 2)
JIAQK T HJRrII?.tJ*IOAHK*EKPFI+(2.*)*FJ*{DARK/HC))
XPITEMP® [Br/ Q) xAFLrM
[FORCeGELT1.0/TSY G Ty 200
Y ISARTUOUNT O e (b2 IN/AL) xALOG( 1 . ZUNCRT S 1+ (U kNTCLREPRTNZALY Y % )
30) r) 501 _
S SQRT(:NFCL*KP*TN*#.)/{NC*TS*AL)l*u
901 CONT [NiE
KZSQRT‘iNTL*KP/AL)*ALOG(I./(N[N*rSi)+(4.*NTL*KP/AL)Itu
DO 40 KTl.14 '
USCENEK I ZSART IR (K x42% (GT+1 ) ) ¥ QKAFLEVRC JROD*EKP TG ) :
INGTISEL K) THARTOA_GADRR 2+ JAMP Lk« 2+ IDAHK 2HASCENF (K R &2+ X kA2 4 %D ) !
TCAMIKIZTTAQ(KI % TIS(K)*TFB(K} !
TSCENEZ(CR=1,1/7(CR+1,) |
TSYSIKYZTCAM{K)Y % TAVA(K)
STGAVALKY S IGFL % FCAML K)
SLESY L IKYZSIGRL e iy [ K)
SHHATMIKY ZSTGAVAIKY Z INOISE( K)
VIR SS TGS YS UK /7 i) [SEL KDY
TR Y S5SNI/ A LK)
TMIKY ZSNRL/SNR{ K}
400 CONT [ F
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1N HREINT 680 TCAMI DY e [=1 1 4)

11 SRINT 69390 (TSYs{Ire Izt

ER ] PRINT 7002 (83830 D) [T1e 14)

A2 PHINT 702 (TMA( [Y s [=1e 14)

24 PR INT FOne (T Vo [=1r 19

.54 RBRINT 715 (SNRE D) e 210 L4

55 PRINT 7200 (SNRAIM{TYe IZ1s 1 W)

LN ORINTRe? _

AU5 O RRINT 722: (SPAT(TI/10 e e [Z1r 10D

F5i) PRINT 729 (SI6SYS0 1121t

5 HIRINT 7302 (STIGAVAL L) » It 1)

&) HRINT 735y (HNDISEC{T e 2101 1))

65 FRINT T4 { ISCENECTY» U211 10

AN PRIENT® ¢ Y

ATS PRINT H3% (WAVEL T e TZ1 e 18)

H80 PRINT pule V200 Te 12101 84)

(512 bo) HRINT 649y (RSTRI DY e[S el

HU PRINT 650+ LABIP{ [ FZ1e i)

R T I [riTR, 8 '

70 PRIAT AN CiRY

raile! PRINT B, FL.lx

71N PRINT 31NerFE59

715 PRINT 750 tIL_:AD

720 PRINT 755 1JAMPL

724 HRINT 7Hide 1IDARK -

730 PRINT Tooe X

7345 PRINI 770y

740 680 FORMAT (Y TCAM " 3Xs1lU4F6.3)

T4+, LS FORMAT (' TSYS YaAXr1U4FR.3)

730 TUD FinamAar (v B~ Y3 1UFAH,. H)

75 702 FORMAT(Y TaA te3xXrlUF6H3)

760 TNH FORMAT (v Tm "+ 3Xe1UFHLI)

7ok 715 FORMAT (1 S a5 l4FDL 1)

770 7200 FORMAT (' SNRAIMY AXpl4F6.1)

Iy 722 FORMATIY SGRAT Yel1Xe 1O

7HA) 725 FORMAT (' SIGSYSTe 33Xy 10E9, 3)

78 T3 FORMAT (' SIGAVE '+ 3%, 10£9.3)

799 73 FORMAT (' 0 ISE'» 3Xe 1 0EY, 3)

7945 T4}y FORMAT (' SCENE'Y»3X»10E9, 3

80):} 750 FORIMAT(Y THERMAL NOISE = eF10.20' COOY)
HiYn 79 FORMAT(Y FET SHOT NOISE ST'eElU.20' 2D
310 7e0 FOIMAT(Y DARK CHRGENT ST ELDL20 0 CoaLty
Bt T65H FORMAT(Y NOISE "™ SV eELNL22CO k%)

4210 T/ FORMAT( Y SHIISE *yY —t, E10.,2e ' CO LYY
3245 N335 FORIMAT(Y wAVE e 3¢eluln)

RN o) FORMATY 3520 "y 5%y 14FA,. 3D

Skl AU FORMAT (Y G601 Y 3xXr1uFh, 3)

S| S0 FORMATIY AJUR v, 3x, 1U4FA. 3 -

By BN FORMAT(Y CHARGE NENSITYZ "5 F111,2e1 AMII Y/ Ja METH Y )
H50 BOS FOIMATLY FLIXT e F10420 " XAT. /500, A5 TERY )
"5 AL0 FORMATIY RESPONSIVITY SV E1N.2¢'aMPS/ yATTY)
“HeH Srne

ik END
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B.b4.7 1CCD PROGRAM LIST -~ ELECTROMAGNETIC FOCUS

107
105
LN
1%
120
125
130
135
140
144
148
1h
1/A0
155
170
17
130
1A%
14an
19
205
21005
210
21%
20
2h
250
2 3%
241
2ty
2591
2%
2Al)
26y
27n
2749
280
285
291
2Us
300
305
31n
3
3720
325
3.1
3vh
3ua1)
Auy
_ 350
355

PRINT*, ' ANALY FICAL MUDEL OF INTENSIFUED CHARGE=CU IPLED CAVME-LA?
SR INT*e ' A ITH ELECTROMAGNET [C IMAGE SECT Lun?
SNR (14

DTHMENS TON SNRAIMI LYY »

DIMENSTON TSYS(L4d)e SPAT(141) .,
DIMAENSTON Bl 14)» VJSCENE{1U) »
DIMENSION RSTLT1I4) e AJDI1LUY »

DIMENSTON ALBI9) » AtJJ(Q)
COM AN D)3y TAVACLY)

REAL [FETe [DAKKs NTL»

HTCL

rrA¢1uy e
SIGSYSTI4)
D ESEC 1Y),
WAVE{L4) »

1 RFAN Qe ka PRUMPTZVEXRPOSURE(SEC) »

HANO N TNTHIN Y EXO T e 52 TN BAND
20 READ(Se ke PROMPTZFOCAL LENGTH(M)Y »

AT DY FOC, FidMe

30 READ (e 42 PO TV AN
REFLECT TN ANGLE (DEGREES) )

v

WO RFEADC e ¥ 022300 T2 HOITY

ANGLE »

iR
Dara L3/ Lee ™20 c e 0 200w lr e i2rad?e, 14/

AR

fCasityy
Fis{1a)r
SIGAVALLYG)
TMA{ L4 »

==20(18)

TraR(14)

SPIN RATE(RPMY e %

INCIDENCE ANGLE %
AT ANl A

AT & LI . e 2en, 207, “"3-2!‘-%5’40 19.148» 5”.1'5“)14'—‘/

RAZSDANS T, 2954
ATZAIN/NT, Auny
RAZR LD/ T, 2909
2.

NZl.ANZ2FE—-149

SRR 1020

SIRrRPZL 206/
ACEFMZ (2N, E~h12a2
GTz2{) e

IDARKZY . 5—-1 36 AE_ "M% 1,50

GHNRLT10 .

Frdz1aie,

TEMRZ2 3,
BKZ1l.38E=-23

R[Z1l.E9

[FET=7.E=3

Csz.2E-12
GMFETZ13.4E-3
EC=t.E~-%

NITLZZ.E1Y

ALL=40,
WINZ2. 3. 14T AHAEXT
TSZt.E=5 '
HCTHANNDX 2,
NTCL=2.E14
NCZ2, ¢ 5. 1416k8C

ATA 353207 J149r <8y
DBy L0199y 001 W0
DATA R5[R/7.250r Dl

«BO1Hr 51232 JUDFY J4uR

1ITATA abR/s 025' I.Sl'
» 39 -34’ e 33 ljg/

r)l\r't\ r[(‘;/lgq‘:)' .fj{.}F)'. 'g_f’ ogj’ .L)u" nL;l'.’%z' 0829 u?t‘)’ 16 ’L)' .h' -t)zl‘]' :ql—")' -.5 f,/
DATA THYAR/aQOr BT Thr oAr JUALs 3270 o2 e JNRe WS e il ek

. qf') ’

-56'

.952'
!.' 40“1/
1712! 1.'

4l6/

cq’g'
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« 680 L BHY

e N

tﬁ)"vqk')'

« L

«B3Le

s )

FoNUMBERy CONTRAST %

3Ry 2100k

-753' -hﬂf_’n%

n"—‘-?'

e Liir %



361
AR5
370
575
3940
385
390
395
3100

05
419
415
G20
424
330
4345
grid)
Y.k
450
45
+6i)
465
470
urs
480
4835
490
495
501)
5904%
510
915
h20
529
B30
535
H40
"H45
4950
5%
560
564
S70
57H
HAN
- 5AR%

599

595
A1

c0N1ra¥0te i) e 0001/

[FIT.ER-1YGO TO 150

00 100 K=1.14

AJip(iK) =1

100 CONTINJE

150 CONTINJE

00 200 K=1rl4

WAVE(K) Z(290 . +K*x50 )
SUMFZGUMFFRSIR{K I+ AP YR ALB(T)
SUMISSUMIHRSIR{KY *AJUP () #RG2ND (K Yk ALB(T)
200 CONT INUE
CONSZ(SIRP*TLCOSTALI *COSTIRAN /(Ui x A)J( TRk .2k FNME x2)
FL X ZCONS® S IMF 5011,
CHRDZCONS®SUIM I+ 5010, #5200

RESPZCIRID/FL X

CALL, MTFAVAIFNIJMe SPINe EXPTe FOCr Cr)

DO 300 K=1+14

SPAT(K) K45 ,E3

HORZHBARH T TARIKY %& 2

B{K) =( R P*50n1.}/§PAT(K!

300 CONTTwIE

SIGFLT=(2. *AFLEM*CURD*EKPT*GFJ*(1.-[N*EC}
ULOAD=SORTITEMPBK/ (R I£BAND) )

AMPLISART( (24 /GMFET*42) % [FET®Q4BANIKRCS* £2 )

HDARKZISART ({2 k0% INARKREXP T+ (2% 3+ Trje [DARK/BC) )

XPZTEMPx (HK/13) ®x AF|_EM
IF(MC GE.1.0/7TS) GO TO 50

TOART( (NTCLRXPx TN/ALY ¥ ALOG( 1. /IW(*FH)r+(.u*NF(L*KP*T1/ALI:*9
GO TO 501
500 YZSART ((NTCLAXPxTNKkU )/ (WCETSHAL) Y k()
501 CONTINIE
XZSORTIINTURR/ALY R ALOGI L /1w INe TS 140U k0T 2 /A1) Y ¥y
NO 400 K=1lsly ,
USCENE(KIZSART{ (BB K %4 2% { GT+1 .} ) #Q* AELEM* CHRD«EXP TR GT)
UNOISE(KY ZSQRTIDILOAD®R A2+ JAMPIL* w24 JARKR & 24 JSCENFE (K 42+ L5624+ ¥ €4 D)
TCAM(K)ZTTARIKY* T[S (K)
TSCENEZ(CR=1.) /(CR+1 .
TSYSK)ZTCAVM(KI«TAVA(K)
SIGAVA(K)IZSIGFLTATCAM(K) :
SIGSYSIKISSIGRFLT*TSYS(K) .
SNRAIMIKI ZSIGAVA(K)Y ZJNOTSE(K)
SARIK) ZSIGSYSTK)Y AINO [SE(K)
TMA{K) ZGNRL/SNRATML K)
TMIK} ZSNRL/SNR( K)
400 CONT INUE
PRINT 680, (TCAM{ [} » [Z1s13)
PRINT 695 (TSYS{TIrI=1e 1Y)
PRINT 700 (B3I e T=1r14)
PRINT 702, (TMA{ L) » [=1,14)
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605 PRINT 705 {rM({I1e I=1s 1)

610 PRINT 71%¢ (SNROD)p [Z1e L)

AlS M INT 7200 {SNRATMITYr [=1 914

620 PRITket ¢

6259 PRINT 722 (SPATID /100N I=1e 1O

630 PRINT 729 (SIGSYS{ D e (=11

6349 PRINT 7302 {STIGAVAL D) 2 ISte 10

AU PRINT 735 CUNOISEC DY e 1126 10)

a4s PRAINT 700 ("ISCENEC ) v I=1+10)

A50 PRINTx,? ¢

H5% . PRINT 635y (WAVEL I} » IZ1e 1)

AH60 PRINT 640, (RS20(IVe I=1014)

6m5 PRINT 645 (RSIR{[IvIZ1r1w)

670 PRINT 6500 (AJIP( L) s [=1014)

ATS DOINTHe?

630 PHINT 800, CURD

684 PRINT B30%» FLIX

690 PRINT 810+¢RESP

695 PRINT 750 JLOAD

700 FRINT 75%s 1 JAMPL

705 PRINT 760+ IDARK

710 PRINT 765

715 PRINT 770eY

720 680 FORMAT (* TCAM te3Xr1UFARLEY -

725 6939 FORMAT (' ToryS "PI3Xr1UFH. 3}

730 70 FORMAT (* B Ye3Xe14F6.3)

735 N2 FORMAT(' T™MA "13401U4F6.3)

740 705 FORMAT (* TM™ te3Xr14F6H.3)

745 71% FORMAT (' SNR Y3 14FHL1)

750 720 FORMAT (' SNRAIM'3xX, 14F6,. 1)

754 722 FORMAT(' SPAT  ',1xX,10I9)

760 725 FORMAT (' SIGSYS's3Xel0FE9.3)

765 730 FORMAT (' SIGAVE's3%Xs 1DED.3)

770 755 FORMAT (' INOISE®,3Xs10E9, 3)

775 7u4) FORMAT (¢ JSCENF Y+ 3%e 1NDED. 3)

780 7950 FORMAT(* THERMAL NOISE ='sF10e2, " Cou"y
7845 750 FORMAT(' FET SHNT NOLISE Z*»E10,2¢"* COIL")
790 760 FORMAT(* NDARK CIRRENT ' eE10,2, CoL
795 765 FORMAT (Y nO[SE ny» SHYELNLZ2e ' CNILTY)

a0n 770 FORMAT(® NOISE "Y" ZV,E10.2+'COULY)

R05 635 FORMAT (' NAVE ', 3x,1416)

A10] HU0 FORMAT(* RS2) Yo 33X LUFARLS)

B815 AUy FORMAT(? RS IR Y23 1UFARL B

820 650 FORMAT(Y AN ', 3%, 14FA3)

a25 800 FORMAT(' CHARGE DENSITYZ "+ E£10,28t AME S /50 ME TERY )
830 805 FORMAT(' FLix= YYELQW2e' HATT/SQ, METER?T)
835 . 810 FORMAT(!? RESPONSIVITY St E10,2¢ Y AMOG/ 4ATTY)
840 STOP

Bu45 END
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B.4.8

1000
1004
1010
1015
1020
102%
1030
1035
1040
1145
1150
1055
1060
1065
1070
107%
1nAae

1085 -

1090
L0as
1:00
1105
1110
1115
1120
1129
1130
1135
1140
1145
1150
1195
116N
1161
1165
1170
1175
1180
1185
119n
1195
12nC
120%
1210
1215
1220
1225
1230
1235
1240

1245

1250

RBY PROGRAM LIST

PRINT*» * ANALYTICAL MODEL OF RETURN BEAM vIDICON!

DIMENSION SNRAIM(14)s SNR{14)r TM{14)» TCAM(I14Ys TMES(14)
DIMENSTION TSYS{14)» TELB(14)r SPAT{14), SIGSYS{14)r QEXCIL4)
DIMENSTION BR(14)Y» USCENE(14) s OUNOISE(1%)r SIGAVA{LA4)

DIMENSION RSIR(14) e AJUP(1GY» wAVE(14) s TMA(1L)

COoMMON OMLU3Y e TAVALLY) s TTAR(14}

REAL M, [FET

10 READ{DHe % PROMPTZYEXPOSURE(SEC) ¢ SPIN RATE(RPMYs %
HANDWIODTH $?) EXPTe SPINe BAND

20 READ(Syxe PROMPTZYEFOCAL 1LENGTHIMY ¢ F MNUMBERY CONTRAST %
RATTO ¢ ') FOC» FNUM» CR

30 READ(S¢x+PROMPT ='PHASE ANGLE» INCIDENCE ANGLE:%
REFLECTION ANGLE (DEGREES) %) PADs AID» RAD
PAZPAD/S57.2958

AT=AIN/BT7.2958

RAZRAND/BT.2978

TLZ.h

3=1.602E£-19

C=2.998E8

HZ6.H2E~34

AlJzR.2

SIRP=.21

N=2nN.E-6

AELEM=(3,1416/4, ) xDk%2

QEPz=..47

GM=100:%,

TEMP=235%,

BK=1,38E=-23

RL=2.E8

[FET=T.E~3

GMFET=Z13.4F=3

CS3z20.,FE~-12

TF=.55

TLL=eH

TI:l.E"'()

REZ.3

:I3

SEM=2,2

SNRL=3,.

DATA QEPC/.001r 001900192091 2a279raTlrleraBlr,33r,121%
«030,0019.001e.001/

DATA TELB/. 98r.965o.94-.9050.855!.780.?2!.66v.61r.5h-%
.52' t1+6' cq'{' .36/

NATA TMES/. QQ:.935:.98!.9?50.97r.96r.95-.940.920.9:
ARy s BHe -85' -H/

DATA RSIR/.4296r 4945 7129 ler o968 859 .831r 793 .0B8B2+%
+615Hr 5529 LUY3 .445: «41R/ ’ )
NATA AJIP/ 2% 2310 36r 42¢ .9 o9r 449 49 ,47¢ LU4r%
« 39 L3455 JA33y 32/ '
NN 200 K=1r14 ]

WAVE(K) Z{290 . +K%x50,)
QUMFZSUMFHWAVE (K %1, E=Q% RS [R( K} «AJ P (K)
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1255 SUMIZSUMI+WAVE (K} &1 4 E=9kRS TR K] %A 0 (K) X QEPC (K 1k rs)

12A0 200 CONTINIE .
1265 CONSZ{SIRPRTLACOSIAL) X¥COSIRA)) /(4 kH*xCH At 2+ Foy Jo* - 2)
1270 FLUXZCONS®.SUMF.501 ,
1275 CHURD=ZCONS*Q+SUMI*x S0,
128n RESP=CURD/FLIIX
1285 BEZCIIRD/ (FL X%}
1290 CALLL MTFAVA(FNIMY S2INe EXPT» FOCe CR)
1295 CALL VTAR(T1) '
1300 PRINT®, ' ¢
130% DO 300 K=1r14
1310 SPAT(K)ZKk5,E3
1315 ABPZARP+T 1 AR (K) %24 TELB(K) * 2k TMES (K) ¥ %2
1320 BB{K)Z(BB3Px500 1.) /SPAT(K)
1325 300 CONTINUE
1330 SIGFLTZ4 . kBANDK® AELEM* CURDREXP T* GMk TE*RE
1339 222 xGME % 2% F*HAND
1340 H1ZSIGFLT/ (24 %GM& TF*RE)
1345 HMULTZSERT (1% 2% TF#REX (1. =M) / (M (SEM=14) 0 ¢
1350 UREADZSART (1112 £ TF&RE/M)
139% OULOADZSART( (4, x BKk TEMP.RBAND) /RL)
13450 UAMPLZQQRT((8.*@*[FET*RAND*kS*CQ**E)/GMFEF*'21
1365. DO 400 K=1rlu
137n HSCENE(K) ZSART(BRIK k¢ 2k TRk 2k RE& 2% (QE+1, ) % |1 &1 12)
1375 uNOI%FtK)‘QQRr(Jloan**2+JAMPLt*9+uMw|rt*z%
1380 +UREAD® - 24+ |SCENE(K) * 42
1385 © TCAM(KISTIAR(K)I*TELR(K) % TMES( K)
1330 TSCENE=Z(CR=141/({CR+1.)
1395 TSYSIKYZTCAMI KT« TAVA(K)
t40n STGAVAIK) ZSIGFL T« rCaM( )
1405 - SIBSYSIK) ZSIGFLI*SY-(K)
1410 SNRATIMIK) =S IGAVAIKI /1 INOISE(K)
1415 . SNR{K) =S IGSYS{K) /1 NOISE(K)
142n TMA{K) =SNRL/SNRA MK
42 TM{K) ZSNRL/SHR{ K)
1430 400 CONTINUE
1435 PRINT A2952 (TELB(I) ¢ [=1s 1)
1440 PRINT A260 (TMES{ D) »I=1r14)
1415 PRINT ABNy (TCAM{ I} s [=1r1u)
1450 PRINT 695+ (TSYSI IV [=1ety)
14545 PRINT 700 (BRB(T)s I=1e14)
1460 PRINT 702 { TMA( [V e I=1s14)
1465 PRINT 70590 (IMM{IYsI=1e14)
1470 BRINT 7156 (SNR{TY e I=tr1y)
1475 PRINT 7200 (SNRAIM{ [}s [=1s14)
1480 PRINT®p? ¢
14R5 PRINT 722+ (SPAT(I1/1000.s [Z110)
1490 PRINT 725 (SIGSYS{ D) e I=1r10)
1495 PRINT 730+ (SIGAVA{ [} [=1e1 D)
1509 PRINT 735 (UNOISE(I) e IZ1910)
1505 PRINT 740y {USCENE( T+ [Z1210)
1510 PRINT*®,"%
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1515 PRINT 635%¢ (WwAVE{ D) » [S1r14)

1520 PRINT 640, (QEPC(I)» [S1s14)

1525 PRINT pUSe {RSIR{ IV I[Z1,1Y4)

1530 PRINT 650 LAJIPI LY e T=1r 141}

1535 PRINT*®s? ¢

1540 PRINT 800 CiRO

1545 PRINT 805 FLIIX

1540 CRINT 8100 QFE

15 PRINT 745¢ 1 IREAD

1560 HZ26 FORMAT({Y TMESH "+#3Xr14Fh.3)

19565 PRINT 750+ JJLOAD

1570 PRINT 755 JAMPL

1975 PRINT 760 LT

1580 B2 FORMAT (' TELB " 3Xs14F6,3)

1585 ABN FORMAT (' TCAM 'Y i3xXelUF6n. )

1590 AO0% FORMAT [* TSYS ' 3xXrl4F6.3)

1594 7000 FORMAT (' B TedxAe l4FH,. D)

150 702 FORMAT{' TMA Y23 LUFBL 3

1405 709 FOAMAT (' TM™ Y3 LUFR. B

1l 719 FORMAT (f. GNR Y2 A3 LUFHL L)

Ity ‘ 720 FORMAT (' SHRAIMP 33X 14FH, 1)

1620 727 FORMAT(Y SPAT " 1Xe1DIDM

157245 7259 FORMAT (' SIGSYST»3Xe10FE9,.3)

1630 730 FORMAT (' STIGAVE'»3%s 10E9.3)

1635 735 FNRMAT (' OINOISE?' » 33X 10E9, 3)

thuny TU0 FORMAT (' JSCENE'»3X»10E9.3)

1045 745 FORMAT(Y READ NOISE S'»E1Q.2:' AMPGST)

1A50 TH0 FORMAT(Y. THERMAL NOISE =Z'+E1D.2,' AMMGY)

1455 795 FORMAT(' FET SHOT NOEISE ='+E10.20* AMPSY)
160 760 FORMAT(Y MULT NOISE ='»E10.2,' AMPSY)

1665 35 FORMAT(' WAVE '+ 3xXr1416)

1470 AUD FORMAT(Y QEPC '+ 3Xr14Fh.3)

1675 ARYH FORMAT({' RSV "+ 3%Xs 14FHLS)

1680 ABD FORMAT(Y AJUPR  Ye3XelU4FAHL3)

1685 AN FORMAT( ' CURRENT DENSITYS t+EL1Q.2¢" AMPS/SU,METER")
1A90 BO0S FORMAT (Y FLIXZ "»E10.2¢"' PHOTONS/SEC/SQeMETERTY)
1695 810 FORMAT(Y INTEGRATED QE= t+E10.2¢ ' ELECTRONS/PHOTINT)
1709 5T0P : ' ‘
1705 EnD
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B.4.9 - SDV PROGRAM LIST

100 PRINT*+ * ANALYTICAL MODEL OF SILICON DIOXIDE vIOICON CAMERA'
105 DIMENSION SNRAIM(14)» SNR(14)sy TM(14)» TCAM(1Y)

110 DIMENSTION TSYS{14)s TIS(14}r TELB(14)s TFIB(14)r SPAT(14)
115 DIMENSION BB(14)s VSCENE(18Yr INCGISE(14)» SIGAVAILY)
120 DIMENSION SIGSYS(14)1e TMA(14)

125 COMMON CHRDe FLUXK» RESPr TAVAILLY)y TTrarR(1Y)

130 REAL IFET

135 DATA TIU5/74989 e Q007146951 eD1 0 o360 0220080 ,0012.001¢%
140 sH3lre 001 301 O0NL1/

lu5 DATA TELB/e98r 43099 « 980 e 9001 aB552 o 780 o 720 e 0061 o H 11 BB %
150 2920 4B 81 .36/

19% DATA TFIR/.9959 c 989 .95 9 e 92 o831 079,71 a020 500 .50 .45, %
16” -4'-35’03/

165 10 READ(Se # ¢ PROMPIZYEXPOSIIRE(SEC) ¢ SPIN RATE(RPM), %
170 HANDWTDTHI") EXPTeSPINe BAND

175 20 READ(S» +, PROMPTZ*FOCAL ILLENGTH{M) ¢+ F NIUMBERs CONTRAST %
180 RATIO ¢ ') FOC» FHNUM, CR

185 30 READ(Se x» PROMPTZY PHASE ANGLEs [NCIDENCE ANGLE%
18A REFLECTION ANGLE (DEGREES) ') PADsA[}eRAD

190 BAZPAD/ST7.295A4 ' ' '

191 ATZATD/ST7.29%98

192 RAZRAND/ST,.2958

165 Q=1.A02E=-19

200 GT=10N.

204 D=20.E-h

205 AELEM={ 3, 1416 4. ) *Dx%x2

206 TEMPZ300,

207 BK=1,38E=-23

208 RL=2.EAR

209 IFET=7.E~3

210 GMFET=13,4E~-3

211 s=20.€E-12

212 RE=.99

215 SNRL =3,

220 CALL IRWATT{PA»A[+s A FN M)

225 CALL MTFAVA(FNIIMe SPINe EXPTe FOCr CH)

230 CALL SDTAR :

240 00 300 K=1.14

245 SPAT (K) ZK*5,.E3%

250 BAPZHBP+TTAR(K) % ¢« 2* TELB(K) % *2

255 BRUK)Z(BHPxH00N, ) /SPAT{ K}

260 3IND CONTINIE

26% SIGFLT =4 . #BAND*GT* AELEMKC JRO*EXP T« RE

275 HREADZSQR T { BAND® Q¥ S TGFLT)

276 HLOADSSART( (4. xAK* TEMPE2BAND) /RL)

277 JAMPILZ SORT((H.*Q*IFET*BAND**S*C%**Z)/GMFET**Z)

280 DO 400 K=1e10

285 USCENE(KYZSQRT(BBIK)I*%x2% (GT+1,) *BAND*Q+SIGFLT*RE)
290 INOISE(K) SSARTOJLOADR 241 JAMP L% - 2+ JREAD* & 2%

295 FUSCENE () %%2)

300 TCAMIK) ZTTARIK)I ¥ TIS{KI* TFIR(K) *TELB({K)
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305 ISCENEZ(CR=1.)/(CR+1.)

31N TSYS{K)STCAM(K) * TAVA(K)
315 STGAVA(KI=SIGFLI* TCAM( K}
320 SIGSYS{K) SSIGFLT*TSYS(K)
329 SNRATMIK) =STGAVA(K) /INOISE( K)
330 SNRIKI ZSIGSYSEK) ZUNO [SE( K}
3y TMA(K) =SNRL/SHRA IM(K)
3a() TM{K) SSNRL/SNR (K)
3us 40U CINTINIE
3510 PRINT 620 (TIS{ D e I=1e1W)

- 355 PRINT A2Ss (TELR(T) e [=1r14)
360 CPRINT 6300 (TFIB(IY e IZ1e1l)
3605 BRINT 680 (TCAM( Y » I=Z1s14)
370 PRINT 699 (TSYS{ D) e IZ1014)
375 PRINT 700 (RB( Y e [=1r 14}
380 PRINT 702+ (L TMAL L) I=1e1)
385 PRINT 70%s ( TM{T)e [=1r1y)
3gn PRINT 7159 (SNRIT)» [=Z1914)
395 PRINT 720 (SHRAIMI D) s [=1e14)
400 PRINT*p? ¢
4ns CPRINT 722p (SPAT( D) /1000, I=1¢10)
410 PRINT 729 (SIGSYS(D)eIZtr»10)
415 PRINT 730 (SIGAVA( ) » [=1210)
420 PRINT 735 (4INOISE(T}r [Z1210)
425 PRINT 740, (JSCENE({ D) e I=1,10)
430 PRTNTRe? ¥ )
435 PRINT 745, )READ
4yn PRINT 750 11_0AD"

445 PRINT 75%» JAMPL

uss 620 FORMAT(' TIS 'y 3% L4FH,. 3}
460 625 FORMAT(?' TELB '+3Xr14F6.3)
465 630 FORMAT(' TFIB *93Xr14F6.3)
470 HAN FORMAT (' TCAM 4, 3Xr14F6,3)
475 HI%5 FORMAT (' TSYS ' 3%Xs14F6.3)
480 700 FORMAT (' BH 'e3X01UFB.L3)
485 702 FORMAT(' TMA Yo 3% 1UF6, 3)
490 705 FORMAT (7' TM™ ' 3xe14F6, 3)

495 715 FORMAT (' SNR *a 3%y LUF6.1)
500 720 FORMAT (*' SNRAIM'3xs14F6.1)
509 722 FORMAT(' SPAT  *»1Xs1019)
510 729 FORMAT (' SIGSYS'13Xr10E9,.3)
51% 730 FORMAT (' SIGAVE':3Xe10E9.3)
520 735 FORMAT (' UNOISEYs3X»10E9.3)

B525. 740 FORMAT (' (USCENE' 13Xe10E9.3)

530 745 FORIMAT (' RREAD NOISE ='+»E10,2+"' AMPS?)
535 750 FORMAT(' THERMAL NOTSE =',E10.2,' AMPS')
540 755 FORMAT(' FET SHOT NOISE =t E10.2¢% AMPSY)

* 850 - STOP ‘ T \ :
555 END
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B.A'lo

100
10%
110
115
120
124
130
135
1671}
145
150
155
160
165
170
179
180
185
190
185
200
209
210
215
220
225
226
230
239
240
245
290
255
2hl)
265
270
2749
2R0
285
290
295
30¢
30%
310
315
320
325
330
33in
34n
3yn
350
355

SILV PROGRAM LIST

PRINT*¢ " ANALYTICAL MUDEL OF SILICON vIQICOWN CAMERAY
DIMENSION SNRATIALIS) s SNR(I4)e TM{14)s TCAMI149)

DIMENSLTON TSYS{14)e TELB{14)» SPATIIU)Yr SIGSY A(14) s AEPCELY)
DIMENSTION BB(14)e USCENE(L18) s JNOISE(14)e S[GAVA(14)
NDIMENSION RSTR(14 e AJUP(14)» HAVE(L14) s TWMA({14)

DIMENSTION TII(14)» TTAR(L14)s TLO(14) s TOS(14)r FFS{iw)
COMaON D M{ 31, TAVA(LY)

REAL [NARKey [FET

L} READ(S s 2 PROMPTZVEXPOSRE(SEC) e P IN RATE( ) 4
HANDW IOTHIYY ExOTe SPIN, RAND

20 READ(Se ¥ 2ROMPTIPFOCAL LENGYHI M) » F S MHBERe CONT=ALF %
QAT 2 Y)Y FOCe FNilMy CR

AN QEAU(%-*;PQOMPI SYPHASE ANGLE: [HCTDENCE ANGLE» %
REFLECTTON ANGLE (DEGREES) ') PAD. AID, RAD .

GO READIS» %r PROMPT I INTENSIF{ER STAGE? YEST1aer 0= 170 [ A3F
PDAZRAN/ ST, 2958

AT=ATIN/SHT L2958

RATQRAD//T,2998

L{E:IS

TL=.H

Nz1.AN2E-19

C=22.9-'BER

H:6062E_5“

AEJTH .2

SIRPI. 2006/

Gl=22.

GC=.2H6F3

D:Zﬂ.E-—é

AELEM=Z(3.1416/44) ¥k %2

IDARK=] ,F~9

TEMPzZ2353,

BK=1, 3RE~-23

HLZ2.E8

[FE]-:TOE-3

GMFET=13,4F-3

ChRz=2N.E~12

SNRL=3,

DATA TELH/.QS!.9h5;.94r.9”59.ﬂ577.75-.72|.nﬁr.nl'-56!%
2921 4UBr a4l 36/

DATA RSIR/.2%6e «5Uhe , 712, Lor 2968y LB LH31e LTS3 hH20 %
oH1Dr 45924 U493, 443, Lu16/

NDATA AJIRY o298 .31 . 3Ae 42 e Y Y R R | I | W PR TR
-‘59' « 34y a3t 327

DATA FEPC/e0 0 e aSraTraBr o849 ,320 0771070067600+
#5901 elhe o 30,2/

DATA TI[/.879.7t.551.4-.29-.)10.160.12-.UHu.ﬂhc.‘ﬁt.ﬂqo.ﬂjr.naf'
DO 200 K=1,s14

WAVE(K):(250.+K#5Q.!
QUMF:SUMF+WAUE(KF*I.E-Q*Q%[J(K)*AJl“(K)
SUMIZSUMIHWAVE (K) %k 1 E~Q% 2, {41 <)+ 403 () ¥ JEPCLK)

200 CONT INUFE
CONQZ(QIQD*TL*COS(AI)*CUH(QA'!/lu.*H*CwAUJ*k2*FNJMtt2>
FLUXZCONS RS IMFx5N0,
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RN

3hil
Y
570
37%

3A4H

hlate!

340
3949
thid:}
uns
419
415

420 -

425
430
435
4356
40}
iy ity
i1}
4hn
4l
iy ‘1, If-',
474
u7s
479
475
&4 31
FE Y
a1
Fa1) 'y
914
1y
20
52
530
B35
TR
My

Y

R
SA0
155
5T
aTh
3R
S8
5310
K%
H0s
16

CoRDzCONS ke SUMI %5010,

GEZC 1D/ (FL X%t}

CALLLL MTFAVAIFNUMe SPINe EXPTe FOCs 01¢)

ATA /. gﬁ?l .879'.7hb'00‘)'-) 2' 148'041'05‘1'.1@’00“1'
UL R IS SR I PRI 13D s

DATA. TS/ e99¢a™9980 v OB MU r o TRT o B629 598 49 3481 . 230

v 133,042 .001e 001/

DATA TFS/e91ir B33, 7H8, 7029 ,HAURe,5049, .5 3,916 881 850
3220039604 3730 43527

10 290 KZ1+14

TTARIK) STLN(K)I *TNSI{K) «TFS (K}

L2930 CONT I[N E

PRINT 309 (TLIX DY e [Z10 1)

RPRINT 310D TDSCI) e T21r14)

PRINT 315 (TFS{[Yer I=1.14)

HRINT 3200 {TIAZ( D) e [Z1e 1)

3NS FORMATIY TLD Y34 14FH G H)

310 FORIMAT(Y TS YA 1U4FGH,. B

31 FORMAT(Y TFS Y3y 14FALA)

A20 FORMAT{Y TiAR Ye3Xr14F0. S

D;{I[‘-Jl’*r LI

NG 331 K=l 1y

GPAT(K) ZK%9.E3

HEpoHHR+ TTARIK w423 TELBIK) %2

Bl K {Bi%5000, ) /SPATK)

[FISTAGE) 2900 2%, 307

2590 G1=1.

GC=1.

rrreKky=t.

Ay CONTINOE

SIGFLIZU & HAND* RE xSl £ AELLEMR Ci DR E £ T

HDNARK ZRIRT (2, £ Q% [DARKEBANI))

HREADZSQRT{BAND® xS IGFLT)

EOANZSQRT (4, ¥3K. TEMP*BAND) /12L)
AMPLZSRR T (R Q% [FET®BAND®13 Csax 2)/GMFET*+2)

Nry 400 «=1»110

HHCFNf(K)‘H}RT(lH,IK)**E*(Qt+1.)5#(%AND*HE*bC*Q*%[UFLr1l

IPNOD TSE(RY ZSQRT (JLOAD®+ 241 JAMD_ k£ 4+ 1)} a3k * 2+J%tAﬂ*i2%

+ ISCERE (K ¥ 2)

TCAMIK) 2T A%(KltrFLR(K)*rlitﬂi

T CEMNIZICH=1 ) A {0241,)
TSYS{K)ZTCAMI K % VAVA (K]

SIGAVAIK IS [GFLT+ TCAMI K

SIASYSIKYZSIGRFLTI & ISy

SNRAIMIK) IS TGAVA (W) /INDISE )

QNH(K) - x[“J S Y )( Kl /S J|\|)[SE(K}

TMAL{K) Z5NRL/SHRATMEK)

TMIK ) T5NRLSN (K)

400 CuNTINJt

PRINT 629 {TELH( T p IZ1s18)

PRINT 63N {(TIIC) s I=1r W)

PRINT A8 rCAMI ) e [=12 1)

PRINT BA% (TSY (I e [=1e14)

PRINT 7oe (R0 e T=1e 14}

PRINT 702 (TMA(I)» [=10 14
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H1H B INT ThYe (TMO D) s [=1 e T4

n2 N PETWT Tl e (540 T e D210 LY

H25 T TR0 SNIRATMOTY s [ e [ U

50 AT Tyt oy

rr 3% LT T2 e (SPAT LD /L0 e [Z1 e

B he N T ?23-(%[G%Yi(llv[=l'iﬂi

Y G INT TR e (L IGAVALIY s IS e 1))

il wElarT ?3‘1-(‘]711)1‘3"3([)r[ZI'l‘.])

Oy :”(hq! T () CEIR L T e T21 951

G) XL T e e

a5 FRINT B35S LnAZEL T e [Z1e 14

BTN HALAT st { JESCI IV e IT=1e2 )

H7Y RINT oW (I T e [T1e 1)

asn ARENT S0 LA J3 0 [ e U1 1u)

nARY PP liT4sr ¥

H) Ped Dol S0 49 £ ety

HIH [T ROSe Fiix

70} PRINT M1, JE

705 ORINT Tane FAD

10 PRENT I LAY

715 BRINT 7% s 1AL

721 PrIOT 7TA0e XA

725 A2% FOMAT (' TELH 'y 30, 14Fh, 3)

730 63} FORMAT (' [ YA 14FA, 3)

735 6RO FORMAT (' TCAM "e 30 14FR,3)

740 AU FORMAT (Y T-,¢-, "e 3 lU4FO, )

745 700 Foranr (t 3 T3 16Fh, 3)

750 72 FORMAT(' T™MA Y 3 LUKFR,L 3)

75% TO5 FORIMAT (' Twm Yo dxe 14FRL3)

760 715 FORMAT (v SR Ye3Xe1UFAL T

765 720 FORMAT (¢ SNRAIM' 3X s 14FA, 1)

770 722 FORMAT(' SPAT ', 1x,1019)

775 725 FORMAT (' ,1GSYSY» 3xs 10F9, 3)

780 730 FORMALD (¢ SIGAVEY y 3%, 10FY, 3)

785 7395 FORMAT (' JUOISE® s 3%+ 10FY, 3)

790 T4 FORMAT (¢ HSCENE® ¢ 3% 19EY,. 3)

795 THE FORMAT(Y READ NOTHSE =V, E10,2, 0 A e
AN T FOMATEY THERMAL NOTSE SV E10,2, 0 Avpo )
805 IS FOMAT(Y FET SHOT WOT 6 Z0eS10,20t A 0
210 76N FORMAT (0 DARK C 2 cFNT ZVeEL0,2st At 1)
A15 A 39 FORMAT(Y "yayF Ya i 14 e '
820 HUO FEIRMAT(Y QFLC vy 5%, 1 yFy, 4

R25 AOUR FRMAT( Y QG [ Ve 3V BFr, 3)

330 PHOCFOUMATIY AL 1, 3¢, 14ER, 3)

335 B0 0 FORMAT (Y it AT NS [Ty LR N TP R [ S R TS L I
840 BNS FOMAT(Y ¥ ¥z TR 1.2 WHATO LS EC, 1. WY
Ayh 810 FORMAT (Y [NTEGRATED NE SV EIDG20 Ve TR, 40T )
gu‘,;’) grop

95, F 0
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B.4.11 S8V PROGRAM LIST — DOPED SELENIUM PHOTOCONDUCTOR

107 PRINT*» ¥ ANALYFICAL MODEL OF SLuw SCAN VIDICON!

1005 PRINT*e " DOPED SELENIUM PHOTOCONDUCTOR!

1nn DIMENSION SNRAIMO14)r SNRILY), TM{L4)r TCAM{1uW)

10ty DIMENSION TSYS(148)Yy TELS(14) e, SPAT(L14) e SIGSYSI14) e QESKR(14)
10249 DIMENSTION BB(14) e USCENE(148) s NOISE(14)e SIGAVA(14W)

102+ - DIMENSTON RSIR({14)r AJIP(I4)Ye NAVE(I4)» TMA(1Y4)

103n DIMENSTION TII(1W)

1035 COMMON D MI3) s TAVALLIW) ¢ TTAR(1YG)

1040 REAL TDARKe I[FET

104% JESP=.1

1051 19 READ(Dr*» PROMPTIYEXPOSUREISEC)r SPIN RATE(RPHY s %

15 RANOW [DTHI ') ELPT»SPINs BAND

tNAN 20 READ(Se ke PROMPTZVPFOCAL LENGTHI(M)Y » F ®WJMBERs CUNTRAST %
1065 RATIO 3 'Y FOCe FNIMe W

1979 30 READ(S» %9 PROMP T PHASE ANGLE, INCIDENCE ANGLES%

1075 REFLECTION ANGLE (DEGRFEES) 2YIPADe AIDeRuw)

108N 411 READ(S» xy PROMPTZY [NTENSIFIER STAGE?2 YES=1.s NOZO ') STAGE
1085 PAZPAN/YST,2958

1140 AIZATID/ST7.2958

1095 RAZRAD/ST. 2958

1:0.. RE=Z.H

1Nk GIzZ36.

1 A GC=.171FE3

1t TL=.6

112 TiL=.5E=-A

120 A=l .602F~19

1:2% Cz2.978EA

1 3N HIh.AZE-34

1735 A1 =%, 2

Liun SIRP=, 20116

1:u45 AFLEMZ{ 20 .E=6) £x2

11k INARK =4 ,F=-9

[ S FEMPZ300,

T ki) RK=1.,38F=-23

l1:mh UT2.FE8

117 IFET=7.F~3

175 GMFET=13,4E-3

18N CsS=20.6-12

1185 SNRLZ3.

1130 DATA I'[[/.*}Tr .7.' T ILY, -29' 021' . 16’:[2'008’ .06v-05r.0‘4--’]3v n']2/
11349 NESPZ,.2Y

120:: NDATA GFESR/eBDr e 9B 1o eBUr 6 B1re3r 08y 0012.0019%

12045 «01rei? 1raDUle 001/

1290 DATA TELB/a98ra365r 49 .910%50 48591 7R e 721 . A1 oAl r 501 ¥

1214 20 JUBr LT3R/

12 -n NATA RSIN/ L2960 4545 7129 lur .968¢ 859 .831» 753, WHB2:%
12 fH19r 9020 LU93y JUL3, L8416/ -
Y230 NATA AJIP/- 2290 31+ W36+ U2+ 50 251 49 49y 47y UUs%
1244 «39r L34 35 W32/ '

12un DO 200 K=l 1l

:.-"'-I-H WAUE(‘{’—DGHQ"’K*L}On

1290 SUMFZSUMF+HAYF (K1 %1, F—J*RQIQIK)#AJHP(K)
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125~ SUMEZSUMTHNAVE LK) # Lo E=D%k 2, T2 (K ¥ & F 17 K} % 3¢ 502 <1

1200 20 CONTINE
1269 CONSZUSIRPR TLRCOSIRA) *CONU ALY -/ (2 da - A J K 23K ) as 21
1270 ¢LHK:CON%*,JMF*504.‘

F275 CHRDZCONS£G*S5 IMT S0 YESS

12R0 NEZCORMD/{FLIIK*i3)

1249 CA ATFAVALFNIMY SPINy EXPTr £0Cs (o8}
12490 CAL:. vTar{T1)

1294 Hid[NTxRet 0

15N% Ny 300 KTiely

1310 ‘ SUAT{K) ZK*k/ ,E3

135 B PZHP+ TTAR{K) & 25 TEILHI{K) %2

132n HAUUKY Z{BRPxS0) . ) /SPAT (K

1525 TF{STAGE) 2500 2509 30 )

151 250 5Iz1.

l_!_tlf HC:I.

13%-% TTI(K)Y =1,

1340 320 CONTINIE

1345 300 CONTINIE

1350 SIGFLTZH s *BAND®REXGIA AL L Mk S IR0 #F ¢ T
135 FHLOADZSART I (U, « BKRK TEMP £ S3ANY) /L)

1360 HAMPLZSORTO (R, # 0 [FFTEHANDE 3505 -2) /GMFE T 213
13A% FDARKZSORT (24 %k [DARK* AN}

t37n HREADZSART IBAND®Q+STIGELT)

1575 DO 400 K=1,14

1380 HSCEME(K)ZQQRY((HH(KJ**E#!QE+1.)s*(HAND«wErGC¢dk%IGFLr}=
1385 UNO[%E(K):SQRT(HLOAD**2+UAMPL*'2+UOAMKk-2+i&€ﬂ0#~2%
1390 HISCEMF{K) % +2)

1395 TCAM{K) ZTTAR(K) *TEILB(K) *x T [ [{K)

1un TSCENEZ(CR=1.)/(C+1,)

14n% TSYSIKYZTCAMIK)Y * TAVA(K)

1410 STGAVAIK)SSIGFLTI# TCAM( K)

141hH SIGSYS (KIS IGFLT#TSYS{K)Y

lu2n SHRATM{K) IS IGAVAIK) /£ INOISE(K)

142y SNRIKY ZSTIGS 4% / NOTISE K)

1430 TMA (%) ZSNRILL/SNRATIM{ K)

1435 TMIK) ISNRL/ S K)

1441 4o CONT [nE

1445 PRINT A250 (TELB( DY [=1,18)

1a5n PRINT 6300 {TI'{T)s (21,14

14559 PRINT ARO» (TCAME Y e [=1e14)

14A/0 PRINT 695 (ITSYS{ ) eIzt

14h5 PRINT 7002 (BS( Dy [She18)

14A8 PRINT 702¢ (TMA( L) T=1r14)

1470 PRINT TS5 {TMO [V T=1e 1)

1475 PRINT 715 (SNRCO [V e I=1s14)

148N PRINT 7200 (SNRATMI D) e [T e 14)

1475 PRINTR, Y

1490 PRINT 722, {SPAT(TV /1000, s I=1s 10}

1499 PRINT 725 (STIGSYS( D) e IT1.10)

t5nn PRINT T30p (SIGAVAL D)y [=1410)

150% PRINT 735, (UNOISEC ) e L=1910)

151N FRINT TuOr (1SCENE( IV s I=1s10)

1515 PRINT®st ¢
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1520

1525 .

1930
153
1540
194
I")'ﬂ'
15 .
1500
156049
Lo7n
| i AL
1m0
1M
194
1 344y
1

13000
1)
1mih
12
[~2
HEEY T
1935
tAuy
194
1% 341
Feyny
1m0
th
Lx7h
1:7%
1HK8N
1-8+
1590
1445
L 70
1705
170

PRINT 635 (WAVE( L) # [Z1e 14}

GRINT 640+ (QESRIIY  Ix1r 14D

SAINT 645 (RSIR(IV e [Z1 14}

O INT ABN s (AR DYy [Z1 0 14)
HRINT®p? ¥

SRINT 800 CHRD

HIINT 8119 FLUX

SR INT B10eQE

S INT 745, JREAD

RRINT 790 JLQAD

SRINT 755 S JAMPL

PRINT 7R0r 11DARK

n25 FORMAT (Y TELB  '"»3xXr14F6.3)
A3 FORMAT(' TIT | *23Xr14FH.H)
AARN FORMAT (* TCAM ' 34 lU4FH.H)
“9% FORMAT (' T9YS  '»3Xel4FAh. )

T FORMAT (' Ar Y3 14FH.3)
M2 FIRMAT(Y TMA Tr3xr1u4FH.3)
705 FORMAT (v M Ye3¢r14FH.3)

719 FORMAT (' QR Yo A%e 14FBL 1)

720 FORMAT (' SNRAIM'3¢»14FAL 1)

722 FORMAT(' ~pPAaT  '»14s1019)

72% FORMAT (' SIGSYS'»3Xs10E9, 3)

730 FORMAT (' SIGAVE' 3% 10ED.3)

735 FORMAT (' INOISET»3X»10E9,.3)

740 FORMAT (' JSCENE?» 3Xe10E9.3)

745 FORMAT(Y =EAD NOISE =" E10.2," AMRGH)

D0 FORMAT( Y THERMAL NOISE Z'»E10,29' AMPSY)
My FORMATLY FET SHOT NOISE =9, Ei0.2+' AMPGY)
76l FAORMAT( ! DARK COHRENT Z',E10.2s ' AMPHSY)

a3 FORMAT{' wAVE 'r3%xr141n)

HAD FORMAT(Y EGR ' 34 14F6,.3)
AUH FORMAT(Y 15T Y34, 14F6.3)
650 FORMAT(' A2 Vo3 LUFAR. S

B0 FORMAT(' CIRVENT DENSITYZ teE1D.2¢' AMPS/SQ.METER?')
HOS FORMAT(Y FLAUXZ '»E10,2¢' PHOTUNS/SEC/SAMETERT)
#10 FORMATI(' [INTEGRATED QE =/ E10.2»'ELECTRONS/PHOT S M)

GTO
N
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B.4.12 SSV_PROGRAM LIST -~ AS0S

10 PR DT Y ANALYTICAL MUODEL OF SLOw SCAN v IDICuUN?

111ty S [ Txe PASOS PHOTOCONDICTORY

101y DLMENSTON SHRAIMILS8) e SNROTS) s TMI14) s TCAM(14)

19%% DIMENS TUN Toays 1y e TELB(L4Y, SPATI14) r SIGSYS({14)r JESHTH)
124 DIMES,T-3d B I14e JSCENELL14) sy UNOISE(14), SIGAVA(LY)

192y JIAE NS IO RSIR (T4 e A )P{14) » NAVELL1YT ¢ THMATLY)

IR AR STy T (19

1 V45 e g I3 e TAVA(LY)Y e TiAR(1W)

134 AL Triaxw, TFET

Tibg -y PR |

1115y FD FAD(Se %y PROMBTZY EXPOSURE(SEC) » SPIAN RATE(REOM) ¢ %

1k HAN) s TUTHIY) EXR2 TSP INe BAND

HE TSN 2 READ (e ke PROMPTZIVENCAL LENGTH(M)Y» F aJMHER, CONTRAST %
tiins SATTY ¢ Y)Y FOCry FNJMe CR

tN7A 3 READ(Se % p PROMITZY PHASE ANGLE» I[NCIDENCE ANGLFE ¢k

117+ REFILECTION ANGLE (DEGRES S IV )IBADe ATDs RAD

1080 G READIS» k¢ 2ROMPTZY [INTENSIFIER STAGE? vE551,r NOZN V) 5TAGE
19835 BATOAN/S T L2058

1190 ATZATIN/DT.2998

1N95 QA THAN/Y T L2954

100 FEZL

1705 G1z23,.7

17064 GCzZ. 14E3

1rin MN.z.%

11312 T1ZY  Fmby

1 20 275 [NARKIL  E=9

112% 3=l enI2E=-149

1130 (=29 18FH

17 3% MZn, 2F=34

1:u40 Y el

1:4% LTz, 20 6

1.5 A E=6

1:51 AL MZ{ 31416/ 44 ) R Dk 2

1:5% [Nark=4 ,E~=11 \

1:6D TEMIZP 3T, .

11A5 HKT1 . 3RFE=23%

170 2_T-4,FR

1 749 [FrrzT7,F=3%

1180 GMFETZ13,4FE=3%

11A5 CSz2N ,F=12

1190 SHRLTH, :

1195 DAT&A TI?/.B?..?l.5")!.4-.2'—);.21r.16'.12!-UB! siJE2r o M0 Ul o130 L 0)2/
1204 DESRT 47

1205 JATA Q2700 e a D0 L ra Bl eatl 90 a2790 0710 i 0t «B8BUre3Br 120+
1210 cl](i!'o” 1.0.0]17-””1/

1215 DATS TELB/ 980 49650 o9 o900 o390 o TRI e 720 emivp a3l p o BEv ek
1230 e P R YIS P YV

1275 NATA 51070290 oB549 o 7120 ler 29085 o859 831r 793¢ ,6H2e%
12%0 LAY o2 L8930 Jhud, L4167

1234 DA AJ03/ 299 W31 w360 420 490 W50 W49 49 ,UTr JUdpk
12a4n « 39 LR34, L33, L3232/

124% NG 200 K1, 14
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1250 WAVE (K) 2250 +K*%50,

125 SUMFZSUME+WAVE (K% 1 . E~Q%RSIR(K) xAJ P (K)

1240 SUMI:aUMI+wAVE(Kl*l.E“Q*R%IR(K)*AJMP(K)#QE%N(K!
126% 200 CONT INUE

1279 CONST{SIRP*TLXCOSIRAI*COS{ALY /{4, ik CEAJSK 225 FN IM% %2 )
1275 FLUXTCONS*kSHMFA500,

1280 CHRNDZCONSKk QSHM [ B QESKR

1285 QFEZCIRD/{FLIIX%xQ)

127261 CALI. MTFAVA(FNIY S22Ine EXTe FICe O3

1294 CAlLL. VTAR(T1)

130 PRINTH, " V.

T304 NO 300 K=1s14

13110 SPAT(KYZK*S5.ES

t3:8 BERZRHPE T TAR (K 2 2% TELB(K) %+ 2

520 HA(K) S(ARR«[000 ) /SHAT KD

13245 [F{STAGE) 250250, 30}

1% .0 250 GI=1.

Ty i GC=1,

Lg s ririgy=1.

1 5.40) 320 CONTINJE

R T 308 CONTINUE . :

1349 SIGFLTZU o« HANDKREXGI « AELEM:CLIRDEEXP |

Pan JLOADZSARTO 0 4, kBKx TEMPRBAND) /RL)

Pyl JAMPLISOR TR, vk [FET#3ANIKR 3 CS%%2) /GMFE Tk *2)
1.3 DARKZSART (2, 2 TDNARK®HAND):

YAl IREADZSHRT (HAND*Q« S IGFLTY

R A 7Y 4 K=le b )
L 3R0 SCENF ) T Tl 3K %+ 2x [ JE+1 . ) Yk (BANDFFE+*GC* QS IGFLT) 7
13R85 ANDISEARY ISR TOLOAD + 24 JAMO K« 24 JDARK*, - 2+ IRFAD*® 2%
1594 FOSCEN ()« 2

1.349% FCAMIKI ZTTAI(K) &« TEIA{KYRT[((K)

149 TSCENEZ(CR~=1 )/ {CRF1,.}

R TSY L (KYSTCAM{K) % TAVA{K)

14119 SIGAVALKIZS[GFLT* FCAMI K)

tals SIGHYS{KITSIGRFLTRTSYS (K)

1420 SHRATIM{ W) =SS TGAVALK)Y / INDISE(K)

1425 SHRIKYZSIESY (K /HNO[SE{K)

1430 TMA(K);%NRL/%NRA[M(K)

1435 TMIK}ISNR_/SHIK)

Lan e CONTIE

Tty PRINT 625+ ( TELB(I) s IZ1r1y4)

1450 PRINT 30, (TIT{ e [Z1r1t)

tan- PRINT ABD« (TCAMI [Y» [=1r 1)

14600 RBRINT 6955 (TSY (Y Iz1e1y)

1440 PRIANT 70 e (3300 T=1 4y

t47n BRINT 702 ( TMA{I) » I=1s 1)
1475 PRINT 7% {TM{L) e IZ1e14}

1SS PRINT 71He(SNRID » 1= 1)

14A5 - PRINT 7200 (SNRALMC T TS1e 14

1490 PEINTR? ¥ ‘

I QTSN PRINT 7272, (SPAT(TI/Z1000 s [S1e10)

1907 PRINT 725 (SIGSYS( I e ISLe 10D

1505 PRINT 730e (SIGAVAL T v [=1r10) .
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1510 PRINT 735 {NQISE(D) e [Z1,10)

151% PRINT 740, (JSCENE(TIY» I=1r1 0}

1520 PRINT&s? !

1525 PRINT 639 {WAVE( TV s I=1e 1)

1530 PRINT A4D (QESR{ T} IZ2 s 14}

1535 PRINT 645 (RSIR{D)» [Z1e1d)

1540 PRINT 6507 (AJUP (DY 12101 9)

1544 PRINT*s ¥ ?

150 PRINT 800. CIRD

155 . PRINT B0OSer FLUX

1960 PR INT B10sQE

1565 PRINT 745 READ

1570 PRINT 750» -JI.0AD

1575 PRINT 7549 'JAMPL

1580 PRINT 760 'JDARK

15895 AZ2H FORMAT (' TEER Y+ 3Xrl4Fh.3)

1590 A3) FORMATI(Y T [ Te3%e1tFH.3)

1595 6RN FORMAT (v TCAM Y 34» 14FA.3)

1/00 605 FORMAT (' TSy, Yy 34 1UFA.3)

LhNS 70 FORMAT (' B te3¢eTUFHL3)

1610 702 FORMAT(Y TMA 1y 3X0 14Fh, 3)

1615 T FORMAT (v '™ "3 LU4FHGD)

ta2n 715 FORMAT (' SNR 'y 3K 14FHL 1)

16245 720 FORMAT (' SNRAIMT 3X» 1U4FH,. 1)

130 22 FORMAT(Y SPAT Y1410 19}

163% 725 FORMAT (' SIGSYS'»3Xr10E9,.3)

1n4i 7350 FORMAT (Y SIGAVEY»3Xe10E9.3)

1Hu5 73% FORMAT (' JNOTSE? » 3Xer 11F9. 30

1550 740 FORMAT (' USCENFT'r 3, 10FI,3)

L3t O 7un FORMAT(Y READ NOISE Z'H)E1N.2." AMPST)
a0 7H0 FORMAT(Y THERMAL WOISE ZTeEID,2¢ Y AMPSY )
165 795 FORMAT(Y FET SHAT NOILE =ty E10.29' AMPGY)
1670 760 FORMAT(Y DARK CHRCGENT Z'e£10.20" AMPBST)
1675 A35 FORMAT{Y WAVE 1,.3%x,14(6H)

1680 AUN FORIMATIY QESR '+ 3%y 14FH. )

1689 A4S FORMAT(' RSIR ' i3xXs 184F0. 1)

1690 A5 FOOIMAT(Y AP e 3Xe18FH, 5)

1695 AND FORMAT{Y CIRIENT DENSITYZ Ve b lla2e? AMPY, /G0 METERY)
176 BN FORMAT(Y FLUKZ ' E10,2et OHUTONG/SECA S 1o METERY)
1705 R1O FORMATI(® [NTEGRATED 9 Ztefl0.2e VELFCTRON/PHOTONY )
1710 STOPR

1715 Fr0
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B.4.13

L

1010
1905
1nia
1015
1021
102%
103n
1035
10419
10u%
1054
105
1940
1065
1070
1075
10910
10495
190
1104
T+
1.9
1120
1725
1:i30
1135
1140
1145
11450
115%
11AN

1165

1170
L1755
1180
1185%
119n
1195
1200
1205
1210
121%
1220
12°5
1230
12345
1240

SUBROUTINE IRWATM PROGRAM LIST

SUBROUTINE IRWATM({PAsALe A FNi M)
DIMENSION RS20(14)r RSIR(14) e AJJP(14) s WAVE(14)
DIMENSION ALB(9) s ALJJ(D) '

COMAON C'IRDe FLUXe RESP

TL=.6

10 READ(Se xs PROMP I Z'BODY WIMBER 21T

DATA ALBR/142.929e850,490 ,260.611.420 42y .14/

MATA 81/ 50205.2154205.215.209.%4p19.18930.1:39.44/

S520Pz. 06240

SIRPzZ.20NMA

NATA RS20/ «1lér 68r Y96 49528 . 791r 645 SU01e 3560 211+%
«085%¢ 019y 091y 091 JOD1/

NATA RSIR/.296¢ 5459 712+ lar .968B¢ 859 A31ry 753, .H682r%
«eH15e .5 20 .4937 4430, 41R/ '

NATA AP/ 425r o31r 301 42¢ o9r 5r 49 49 J47r 4U»%
«39e 34U L33 32/

IF(TLER.11YG0 TO 190

NG 10N xZ1lell

Anmi) o,

1t CONTINIE

150 CONTINE

DO 200 K=1r1yu

WAVE(K) 22510, +K%x50,
SUMIZSUMT+RS IR IK)Y £ AP (K) kRS20 ( K) ¥ ALB( T)
SUMFZGUMF+ RS IR KY XA JP(KI) < ALBI T)

2000 CONT [NIIF

CONSZ(SIRPH FLACOS(ATY *COSIRAY I /{4 %A J{ T RE2xFNIJMKk% 2 )
CHRD=G2NMPXx CONS* % IM[%500,

FLUXZCONS* S MFx S0,

RESP=CHRDAFLIIX

PRINT*,"

PRINT#es"

PRINT 635 { WAVE( L) I=114)

PRINT 6401RS20( D) e [=1r T

PRINT 645 (HOTRIO LY [T19 14

PRINT*,* ¥

PRINT 800 CrIRD

B INT H05s FIX%

PRINT A1Ne RESP

635 FORMAT(' wavE %9 3X0 14 [6)

EUO FORMATI! RS20 ' 3xKe14F6H,3)

A4S FORMAT(Y R5IR "+ 3Xs L4F6.3) _

AN FORMAT(' CORRENT DENSITYS *hE10.2¢' AMPS/SQ.METER? )
BINS FORMAT(® FLOXT 'HE10.2, ' WAT T/S@.METERY)

210 FORKMAT(! “ESPONSIVITYS *rE10.2¢' AMPS/WATFY)

RETHRN

END
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B.4.14  SUBROUTINE SDTAR PROGRAM LIST

1000 S IHROUTINE SDTAR
194 DIMENSTON SPAT(14)

1 COM AN D IM{TTYs TTAR(LS)

1n1s f12.5E~n

10024} kz=3,.8

1n25H 0D 200 Kxle iy

100 3% SOATIK) ZR«5 . FE3

1135 PTG, ¥3. 14 ik SPAT(KY*T T

o4 T‘AN{K):((I.*EKH(—RUKFJ'/QHKT}*{(2.*DK)/((DK*l.)f(DK-l.)%
14y *E A (=R T

105 IF (T:A2(K);:18%5,185 186

199, 18 THARIKY=.0M]

106 186 CONTITWIE

boliye 2100 CONTIL'WIE

17 COTNT 320, (T AR{T1s I=Ls14)

1174 320 FHEMATLY 1A Yo 3xXr10FRH)

10890 WRE T )ity

17435 EN)

B.4.15 SUBROUTINE VTAR PROGRAM LIST

1100 SHRVITINE ¢ TAR(T1)

11115 DIMENS TN SPAT(1Y)

1t COM ON DML 7Yy TTAR(TY)

1024 O 200 KZ1r149

10031 SPAT(K) ZK«S,E3

113% RPKZ (4e*x 3, 1416xSPAT(K))

1140 FVARIKI Z{ ] o =EX2(~RPKKkT1)) /(RPK*T1)
104N [FITIAR(K) 1189185186

1051 18 TIARIK) =, 031

105 186 CONTINE

171A/A 290 CONT IIE

111 RY PRTINT 3200 {0 AR (TYrI=1ely)

1nm 320 FORMAT (Y TTAR Yo 3xe14FR. )
1175 HET [y

IGER Etdr)
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ABBREVIATIONS

AIM aerial image modulation

AS0S antimony trisulfide-oxisulfide

AU astronomical. unit

CCD chargé-coupled device

CER cost estimating relationship

EBIC electroﬁ-bombardment induced conductivity
ESC electrostatic storage camera

FET field effect transistor

V/H veloeity/height |

ICCD: intensified charge-coupled device

II image intensifier

IMC image motion compensation

10 image orthiceon

IR infrared

ISILY intensified silicon vidicon

ISsv intensified slow-scan vidicon

JPL Jet Propulsion Laboratory

MIS metal-insulator-semiconductor

MIBF mean time between failures

MTF modulation transfer function

NASA National Aeronautics and Space Administration
RMS root-mean~square

RTG radioisotope thermoelectric generator
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SDV

SEC

SECV

5i0

SILV

SIT

51TV

SNR

S8V

silicon dioxide vidicon

secondary electron conduction
secondary-electron-conduction vidicon
silicon dioxide

silicon vidicon

silicon intenéifer target

silicon intensifier target vidicon
signal-to-noise ratio

slow-scan vidicon
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